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N0K~huk&h cmmmh HYDROLASE kutakts, ■ 

DHA Sj H'CE &ND ' STOBS ENCODING SAKE 
M.D...MSI:S JTR^SFOPMED WITH SAIDJSSgT >B S 

The recent development of various in vitro techniques 
to manipulate the OHA sequences encoding 
»*tttrail3f~occuring polypeptides as veil as recent 
developments in the chemical synthesis of relatively 
short sequences of single and double stranded dna has 
resulted in the speculation that such, techniques can 
tea used to modify enzymes to improve sosse functional 
property in a predictable way. Ulmer, K.K. {1883} 
Science US, 666-671.. The only working example 
disclosed therein is the substitution of a single 
amino amid within the active site of fcyro*yl~tRHA 
synthetase (Cy»35-*8«r) : which lead to a reduction in 
enzymatic activity. See Winter f G» , et al, {1982} 
Hi* 756-758? ana Wilkinson, a, J., et al. 
f"*3) Mochemietr^ 3£ f 3581-3586 CCys35~*Gly mutation 
also resulted in decreased activity). 

When the same 4HRHA synthetase was modified by 
substituting a different amino acid residue within the 
active site with two different amino acids t one of the 
mutants (ThrSX-AXa) reportedly demonstrated a 
predicted moderate increase in kcat/Ko whereas a 
second mutant (ThrSX-Pro) demonstrated a massive 
increase in kcat/Ka which could not tee explained with 
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certainty, Wilkinson, A.H., et *!♦ CIS84) Nature 30?, 
IS7~i8S, 

Another reported example of a single substitution of 
an amino acid residue is the substitution of cysteine 
for isolfeucine at the third residue of T4 lysojsyme. 
Perry, I.,J,, et &X» £1984} Science 226, 555-557. The 
resultant mutant lysosyjse was mildly oxidised to form 
a disulfide bond between the new cysteine residue at 
position 3 and the native cysteine at position fit 
This cross linked mutant was initially described by the 
author as being encym&ticaiiy identical to, but SKore 
thermally stable than, the wild type enzyme. However, 
in a "Hots Added in Proof' t the author indicated that 
the enhanced stability observed was probably doe to a 
chemical mod if ication of cysteine an residue S4 since 
the mutant lyso»y»fe- with * thiol at Cys54 has a 

thermal stability identical to the wild type lysozyme. 

Similarly, a modified dihydro folate reductase item 
g^oo li has been reported to be modified by similar 
methods to introduce a cysteine which could be 
cross linked with ' a naturally-occurring cysteine in the 
reductase, Yillafrsnca, et al» 11983} Science 

222, 782-788, The author indicates that this mutant 
is fully reactive in the reduced state but has 
significantly diminished activity in the oxidised 
state. In addition,, two other substitutions of 
specific andno acid residues are reported which 
resulted in mutants which had diminished or no 
activity, 

EPO Publication flc, 0130756 discloses the substitution 
of pes iz residues i hin 

SQbtilisin with specific amino acids. Thus, Met222 
has been substituted with all IS other amino acids, 
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GlyISS with 9 different amino acids and GlyISS with 
Ala and Sera 

As set forth below, several laboratories have also 
reported the use of site directed smta.gens.is to. 
produce the rotation of isore than one amino acid 
residue within a polypeptide „ 

The 'amino- terminal region of the signal peptide or the 
proiipoprotein of the ^ coli outer membrane was 
stated to be altered by the substitution or deletion 
of residues 2 end 3 to prodnee a charge change in that 
region of the polypeptide. lnoyye f S. , et al. (1982) 
}>roc - Nat. Acad, Sol, USA 7$, 34 38-3441. 'The same 
laboratory also reported the substitution and deletion 
o£ amino, acid redisues 9 and 14 to determine the 
affects of such substitution on the hydrophobic region 
of the same signal sequence. Inouye, S. f et al» 
mU) J. Biol, Chema 259 , 3729-3733. 

Double mutants in the active site of tyrosyi~t~KB& 
synthetase have also been reported. Carter, P.J. , et 
si* (2984) Cell 38, 835-840. In this report, the 
improved affinity of the previously described 
ThrSl^Fro mutant for ATP was probed by producing a 
second mutation in the active site of the ensysre. Cue 
of the double mutants , Gly35/Pro51 f reportedly 
demonstrated an unexpected result in that it bound ATP 

the two single mutants. Moreover , the author warns, 
at least for one double mutant, that it is not readily 
predictable how cue substitution alters the effect 
canned by the other substitution and that care nrast be 
taken in interpreting such substitutions. 
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A smtanfc i* disclosed in ¥. S . Patent Ke. 4 , 53 2, £07 * 
wherein a polyarginine tail was attached to the 
oteraistal r*si«Stt& of :0~mr^$astrone fey modifying the 
DMA sequence encoding the polypeptide. As disclosed, 
the polyarginimi tail c%*m*& the aXeofcropfeoretic 
taohility of the urogastrone-polyaginine hybrid 
pamiting selective purification. The polyarginlne 
was subsequently removed, according to the .patentee, 
by a polyarginlne specific exopeptidasa to produce .the 
purified urogastrone. Properly construed., this 
reference discloses hybrid polypeptides which do not 
constitute mutant polypeptides containing the 
substitution,, insertion or deletion of one or more 
amino acids of a naturally occurring polypeptide* 

Single and double mutants of rat pancreatic trypsin 
have also been reported. Craik, C«§* t j& j&. (1985) 
Science Mi 2$i~a§?» As reported, glycine residues 
at positions 216 and 226 were replaced with alanine 
residues to produce three trypsin mutants (two single 
mutant* and one double mutant). In the case of the 
singl© mutants, the authors stated expectation was to 
observe « differential effect on Ksu They instead 
reported a change In specificity {kcat/Rm} which was 
primarily the result of a decrease in heat. In 
contrast, the double mutant reportedly demonstrated a 
differential increase in ¥,m for lysyi and arginyi 
substrates as compared to wild type trypsin but had 
virtually no catalytic- activity. 

The references discussed above are provided solely for 
their disclosure prior to the filing date of the 
instant case, and nothing herein is to be construed as 
an admission that the inventors are not entitled to 
antedate such disclosure by virtue of prior invention 
or priority based on earlier filed applications. 
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Based on the »hov* references, however » it. is apparent 
that the modificatioB of- th® amino acid; sequence of 
wild type enzymes often results in the decrease or 
destruction of biological activity. 

Accordingly, it is an object herein to provide 
car bony 1 hydrolase mutants which have at least one 
property which is different frost the eane property of 
the carhonyi hydrolase precursor from which the amino 
acid of said mutant is derived. 

It is a further object to provide mutant SKA sequences 
encoding such carbonyi hydrolase mutants as well as 
expression vectors containing such mutant ' DNA 
sequences. 

Still further, another object of the present invention 
is to provide host cells transformed with such vectors 
as well as host cells which are capable of expressing 
such mutants either intracellular^ or 
extracellular&y * 
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The invention includes earbonyl hydrolase mutants, 
preferably having at >Xms& m* property which is_ 
substantially different from the ssie property of the 
precursor nen~hnman earbonyl hydrolase from which the 

5 amino acid sequence of the mutant is derived* These 
properties include oxidative stability, ssfcstrate, 
. specificity catalytic activity, thermal stability, 
alkaline stability, pH activity profile and resistance 
to proteolytic degradation. The precursor earbonyl 

10 hydrolase say oe naturally occurring earbonyl 
hydrolases or recombinant earbonyl hydrolases, ®m 
amino acid sequence of the earbonyl hydrolase mutant 
is"* derived by 'the substitution, deletion or insertion 
of one or more amino acids of the. precursor earbonyl 

IS hydrolase amine acid sequence. 



The invention also includes mutant V>m 
encoding such earbonyl hydrolase mutants, further the 
invention includes expression vectors containing such 
mutant t>m sequences as veil as host cells transformed 
with such vectors which are capable of expressing said 
earbonyl hydrolase mutants. 

Figure I shows the nucleotide sequence of the coding 
strand, correlated with the amino acid sequence of £, 
U 1121 suhtilisin gene. Promoter C?) 
ess* binding site (ribs) and termination, (term} 
regions of the JMh sequence as veil as sequences 
encoding the preaequence <PSE) putative prosequenca 
{PRO) and mature form («AT) of the hydrolase are also 



figure £ is a schematic diagram showing the substrate 
binding cleft of subtil isin together with substrate. 
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Figuxe 3 Is at etere© view of the S-l binding subsite 
of g» ' ens subtil is in showing a lysine 

3>~i substrate bound in 'the sifes in two' different ways. 
Figure 3A shows Lysine F~l substrate bound to form a 
salt bridge with & sIvl at position 156. Figure 3B 
shows Lysine P«l substrate bound to form a salt bridge 
with Glu at position 166* 

Figure 4 Is a schematic diagram of f&e active sits of 
subtilisin Asp32, His64 and Ser221. 

Figures 5& and SB depict the amino acid sequence of 
suhtilisin obtained from various sources. The 
residues directly beneath each residue of g« 
> subtil is is are equivalent residues 
which (!) can foe js«tated in a similar manner to that 
described for B. ml^im.faoiens suhtilisin, or (£> 
can be used as a replacement amino acid residua in J|* 
amul olio-ueracisns sufotillsin* Figure SC depicts 
conserved residues of B< amyiol - ] subtil is in 

when compared to other subtilisin sequences. 

Figures 6A and SB depict the inactivation of the 
mutants Met22.2L and Met222Q when exposed to various 
organic oxidants. 

Figure ? depicts the ultraviolet spectrum of Met222F 
subtil isin and the difference spectrum generated after 
deactivation by diperdodecanoic acid (DPDA) . 

Figure 8 shows the pattern of cyanogen bromide digests 
of untreated and DFDA ©tfidissd sufotilisin Met222F on 
high resolution SDS -pyridine peptide gels. 
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Figure 9 depicts a map of the cyanogen bromids 
fragments of rig. 8 and their alignment with the 
seu^anoe of suhtilisin M@t222F« 

Figure ID depicts the construction of mutations 
between codons 4S and 50 Of 1* &ml.9XAm®,tmim§. 
subtil is in, . 

Figure IX depicts the construction, of mutations 
between codons 122 and 127 of £♦ sml&Um&^m& 
subtil isin. 

Figure 12 depicts the effect of DFDA on the activity 
of subtil isin mutants at positions SO and 124 in 
suhtilisin Met222F. 

Figure 13 depicts the construction of mutations at 
ccdon 166 of S* mXl®Um®lM*ims suhtilisin. 

Figure 14 depicts the effect of hydrophobic! ty of the 
F~X syhstr&te slds^ohain on the kinetic parameters of 
wild-type £« an ylol i cuef acims subtil isin. 

Figure IS depicts the effect of position IBS 
side-chain substitutions on P~l substrate specificity* 
Figure ISA shows position 166 mutant subtilisins 
containing non-branched alkyl and aromatic side-chain 
substitutions arranged in order of increasing 
molecular volume. Figure 15B shows a series of mutant 
enzymes progressing through £«• and ■? -branched 
aliphatic side chain substitutions of increasing 
molecular volume. 

Figure 16 depicts the effect of position XSS 
side-chain volunn on log kcat/Km for various P~X 
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Figure 2? shows the substrate specificity differences 
toetvaesi J2el66 and vi Id-type {GlyX66> I* 
I i - subtilisxn against & series of 

alphatic and aromatic substrates. Each tear represents 
the . difference in log Jccat/Kja for . XXsl6S sinus 
vild-typ* |6:ljfJ«i su&tiXisin, 

Figure IS depicts the construction of ssutatione at 
codon X6S of - „ N * " >in. 

Figure IB depicts the construction of agitations at 
codon 104 of S, ajiyloii^asfaciens subtilisin, . 

f 

Figure SO depicts the construction of sanitations at 
codon IS 2 g. ^Ylpllguefacisn^ subtiilsin. 

Figure 21 depicts the construction of single saltations 
at codon 156 and double mutations at codons 15$ and 
X66 of B« m yl$Xim ®.U ,QXm&- fttbtiXisin, 

Figure 22 depicts the construction of nutations at 
codon 2X7 for &. amyioliouefasiens subtil is in. 

Figure 23 depicts the kcat/Kn versus pH profile for 
mutations at codon 156 and 166 in I, asyloliausfaciens 
snbtilisin* 

Figure 23A depicts the kcat/Kte versus pH profile for 
mutations at codon 156 and 166 in g, mxl9Xim®$3.£i$Jm 
subtilisin, 

Figure 24 'depicts the koafc/K» versus- pH profile for 
asuta.ti.ona at codon 2 2 2 in B» juela s 

subtilisin. 
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Figure 
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Figure. 34 depict® the strategy- for constructing 
pXaemicis containing random cassette mutagenesis over 
residues 187 through 22S. 

Figure 3S depicts the oligodeosfynucXeotides used for 
random cassette mutagenesis over residues 197 through 
22B, 

Figure 36 depicts the construction of autants at codon 
204. 

Figure 37 depicts the ol igodaoxyjrmci eot ides used for 
synthesizing mutants at eodon 204v 

^ V r t ; or 

The inventors have discovered that various single and 
multiple is vitro mutations involving the 
substitution, ' deletion or insertion of one or more 
amino acids within a non-human carhonyl hydrolase 
amino acid sequence can confer advantageous properties 
to such mutants when compared to the non~mutatad 
carbcnyl hydrolase. 

Specifically, £. amvloliquefaclens sufetilisin, an 
alkaline bacterial protease, has been mutated my 
modifying the DHA encoding the subtil isin to encode" 
the substitution of one or more amino acids at various 
amino acid residues within the mature form of the 
subtiXisin molecule. These in vitro mutant 
subtilising have at least one- property which is 
different when compared to the sane property of the 
precursor subtil isin. These modified properties fall 
into severs! categories including; oxidative 
stability, substrate specificity, thermal stability, 
alkaline stability, catalytic activity, pH activity' 
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profile, resistance to proteolytic degradation, Kte, 
Xcat and Wheat ratio. 

CarbonyX hydrolases are «nzya»» which hydrolysa 



compounds containing OX bonds in X ls oxygen or 

nitrogen « They incite naturally-occurring carbonyl. 
hydrolases and recombinant carbonyl hydrolases, 
naturally occurring carbonyl hydrolases principally 
include hydrolases, e.g. lipases -ana peptide 
hvdrolasesf e.g. subtiiisins or Bet alloprot eases. 
Peptide hydrolases include «~a3dmoacyipaptide 
hydrolase, pepti&ylamino-acid hydrolase, aoylamin© 
hydrolase, serine carbexypeptida**, metallocarboxy- 
peptidase, thiol proteinase, caifcoxylprotainaaa and 
»taXX»proteinase* Serine, metalXe, thiol and acid 
proteases are included, as well as endo and exo~ 
proteases » 

Recombinant carbonyl hydrolase* refers to a carbonyl 
hydrolase in which the BNA sequence encoding the 
naturally occurring carbonyl hydrolase is modified to 
produce a ssut&nt DHA sequence which encodes the 
substitution, insertion or deletion of one or more 
amino acids in the carbonyl hydrolase amino acid 
sequence. Suitable modification methods are disclosed 
herein end in EPO Publication Ho. 0X30736 published 
January ?, XS8S, 

. Subtiiisins are bacterial carbonyl hydrolases which 
generally act to cleave peptide bonds of proteins or 
peptides. As used herein, *sufetiXisin« Beans a 
naturally occurring subtil isin or a recombinant 
subtilisin. A series of naturally occurring 
subtiiisins is known to be produced and often secreted 
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by various teactsrial species, Amino acid sequences of 
the members of this series are set entirely 
homologous. However, the subtilising in this series 
eschibit the sa»e or similar type of proteolytic 
activity, This class of serine proteases nhar.es a 
common amino acid sequence defining a catalytic triad 
which distinguishes the» from the chymotrypsin related 
class of serine proteases. m* subtil isins and 
chymctrypsin related serine proteases both have a 
catalytic triad comprising aspartate, histidine and 
serine. In the suhtilisin related proteases the 
relative order of these amino acids, reading fro® the 
amino to carboxy terminus is aspartate-histidine* 
serine, In the chymotrypsin related proteases tne 
relative order, however is histidine-aspartate-serine, 
Thus, suhtilisin herein refers to a serine protease' 
having the catalytic triad of suhtilisin related 
proteases. 

"Recombinant suhtilisin" refers to a suhtilisin in 
which the DNA sequence encoding the suhtilisin is 
modified to produce a mutant DKA sequence which 
encodes the substitution, deletion or insertion of one 
or more amino acids in the natural ly occurring 
suhtilisin amino acid sequence* Suitable methods to 
produce such modification include those disclosed 
herein and in SPO Publication Mo. 0130756. For 
example, the suhtilisin multiple mutant herein 
containing the substitution of methionine at amino 
acid residues 50, 124 and 222 vith phenylalanine, 
isoleucine and giutamine, respectively, can be 
considered to be derived from the recombinant 
suhtilisin containing the substitution of glutamine at 
residue 222 (Q222) disclosed in £P0 Publication No. 
01307S6. The multiple mutant thus is produced by the 
substitution of phenylalanine for methionine at 
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r .. iau « 50 and isoieuci.e tcr »ethi on ine .t 
124 in the 0222 racp*iB»t subtilMta. 

..C.rbor.,1 hydropses- and <««* »» »« «*»*«*• 

£U n. a .Uv. organise sue, as E . « P™— " 

ana S rl pesitive fcactexia « .icrococc^ , 

Espies cf eucaryotic <*«.>r.ls» fro* Which 



a their ««** »y be obtainefl 
carbonyl ~ ^iai^, fu»,i « 
include yesst * a •»* * dS * J8, 

Aspergillus .p., and ncn^an .Mlitt purees such 
ll tor .»*pl«, Bovine ft« vhich the g*»e 

the earbonyl hydrolase ehy»o«in can be 
*• with subtilises, a series of cwrbonyx 



kytola.es can be obtained fro* various related 

•Uu« **** wdno W€mo ** are ! 

u mesfcers of that series 

tot which r..vrth.l... «MJ»»t the b» *; 
■tw. « ^Xogical activity. ^ 

which refers to eartonyl t»drcl».«« * 
... s=: ,t. a , directly or »irec«y, with procsryctie 



A .oarbOByl hydrolase wtanf has an a*»c «*« 
LaL. which is derived fr« the »ino «M «^=e 
" 7 ; Jh,«n -precursor carbenyi hydrolase-. The 
Precursor carbor.yl hydrolases tecMe rurally- 
oc«rti« earbonyl hydrolases ehd «co*ir.ant caroony 
' hydrolases. The »ino acid severe of the carboy 
J" ro ,,„ mut ant is -derived" tte* the pr«r»»or 
TlclZ »L «« e W »ce ,y the substitution 

det; " or i*e»i« *». ~ »» «^. o£ 
:™or -i» ecid seance. Such »dif cat^ 

is cf the .pr.rur.cr DMA seance- whrch er.coess the 
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axaino acid sequence of the precursor carbonyl 
hydrolase rathern than manipulation of the precursor 
carbonyl hydrolase per se* Suitable methods for such 
manipulation of the precursor W& sequence include 
methods disclosed herein and .in EPO Publication No* 
0130756. 

Specific residues of B. *~ \ 

are identified for substitution, insertion or 
deletion. These aaino acid position numbers refer tc 
those assigned to the &mXsXi<? i ens subtil isin , 
soguence presented in Fig* 1. The invention, however, 
is not limited to the mutation of this particular 
sufctilisin but extends to precursor carbonyl 
hydrolases containing amino acid residues which are 
«&<pival«snt» to the particular identified residues in 
i« eaylpl i .suefaclens subtil isin. 

A residue (amino acid) of a precursor carbonyl 
hydrolase is equivalent to a residue of B« 
ar>ylolio^ef aclasis sufotilisin if it is either 
homologous ii.su , corresponding in position in either 
primary or . tertiary structure) or anal® gnus to a 
specific residue or portion of that residue in B, 
r c i ' ens suoti. *sin (i.e., having the sane or 
similar functional capacity to combine, react, or 
interact chemically} . 

In order to establish homology to primary structure, 
the amino acid sequence of a precursor carbonyl 
hydrolase is directly comparted to the B. 

ens subtil isin primary sequence and 
particularly to a set of residues known to be 
invariant in all subtil isins for which sequence is 
known (Figure 50} , After aligning the conserved 
residues, allowing for necessary insertions and 
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deletions in order to maintain alignment (i.e, f 
avoiding the elimination of conserved residues through 
arbitrary deletion and insertion) t the residues 
equivalent to particular amino acid* in the primary 
sequence of g. arv'i:: : ^ejjacienj subtil is in are 
defined, Alignment of conserved residues preferably 
should conserve 100% of such residues* However, 
alignment of greater than 75% or as little as 50% of 
conserved residues is also adequate to define 
equivalent residues * Conservation of the catalytic 
triad, A*p32/His64/Ser221 should be maintained* 

For example, in Figure SA the amino acid sequence of 
subtilisin from £. anyloilguefeciens £. subtjUllB 
var, 1168 and £, 'Xi^m^omM (oarlsbergensis} are 
aligned to provide the maximum amount of homology 
between amino acid sequences, A comparison of these 
sequences shows that there are a number of conserved 
residues contained in each sequence. These residues 
are identified in Fig, 5C, 

These conserved residues thus may he used to define 
the corresponding equivalent amino acid residues of 1, 
amyloli quefacietis subtilisin in other carbonyl 
hydrolases such as thermites® derived from 
Themoactihomyoes. These two particular sequences are 
aligned in Fig, SB to produce the maximum homology of 
conserved residues. As can me seen there are a number 
of insertions and deletions in the thermitase sequence 
as compared to g* amy Isli spaa feci ens subtilisin, thus, 
in thermitase the equivalent amino acid of tyr21? in 
1. amvlol iouef ac iepe subtilisin is the particular 
lysine shown beneath Tyrli?* 



In Fif x Sh. f the equivalent amino acid at position 21? 
in %* mxl< igueis "lens suhtiHsin is Tyr, Likewise, 
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in §. subtllis subtilisin position 21? is also 
©ccupxed by Tyr hut in £. i rmlg position 217 

is occupied by Leu. 

Thus, these particular residues in tbesisita.se, and 
subtil is in from surVI^i- and B, ijcheri .iforsis nay 
be substituted by a different amine acid to produce a 
mutant c&rfeenyl hydrolase since they are equi%>alent in 
primary structure to Tyr21? in B, amvl ollcrugf&ciens 
subtil is In. Equivalent amine acids of course are not 
limited to those for TyrSl? but extend to any residue 
which is equivalent to a residue in a. amyisi.is?.«t'* 
sns whether such residues are conserved or not. 

Equivalent residues homologous at the level of 
tertiary structure for a precursor carbonyl hydrolase 
whose tertiary structure has been determined by x-ray 
crystallography , are defined as those for which the 
atomic coordinates of 2 or more of the ? main chain 
atoms of a particular amino acid residue of the 
precursor carbonyl hydrolase and |[. a- 
subtilisin (H on H f Ch on Ch t C on c, and G on 0) are 
Within S.13nm and preferably O.lnm after alignment. 
Alignment is achieved after the hast model has been 
oriented and positioned to give the maximum overlap of 
atomic coordinates' of non-hydrogen protein atojaa of 
the carbonyl hydrolase in question to the 1- 
amyloliq uefaciens shfotiliein. Tfes best model is the 
erystallographic model giving the lowest S factor for 
experimental diffraction data at the highest 
resolution available. 
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Equivalent residues which are functionally analogous 
to a specific res idee of B. m ^l^^tM^m 
subtilisin are defined as those aatlno acids of the 
precursor earbonyl hydrolases which may adopt & 
conformation sxxch that they either alter, modify or 
contribute to protein structure, substrate binding or 
catalysis in a Banner defined and attributed to a 
specific residue of the %, m^UmpM&imM 
subtilisin as described herein. Further, they are 
those residues of the precursor earbonyl hydrolase 
(for which a tertiary structure has been obtained by 
x-ray crystallography) t which occupy an analogous 
position to the extent that although the main chain 
atoms of the given residue may not satisfy the 
criteria of equivalence on the basis of occupying a 
homologous position, the atomic coordinates of at 
least two of the side chain atoms of the residue lie 
with .0*13nm of the corresponding side chain atoms of 
I, : W loli^eiagieM subtilisin, The three 
dimensional structures would be aligned as outlined 
above, 

Some of the residues identified for substitution, 
insertion or deletion are conserved residues whereas 
others are not. In the case of residues which are not 
conserved, the replacement of one or more amino acids 
is limited to substitutions which produce a mutant 
which has an amino acid seguemce that does not 
correspond to one found in nature. In the case of 
conserved residues, such replacements should not 
result in a naturally occurring sequence. The earbonyl 
hydrolase mutants of the present invention include the 
xaature forms of earbonyl hydrolase mutanrs as wait as 
the pro- end prepro-forms of such hydrolase mutants, 
The prepro-foros are the preferred construction since 
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this facilitates the expression, secretion and 
maturation of the earbonyi hydrolase mutants, 

"Expression vector" refers to a mk construct 
containing a DNA sequence which is opsrabiy linked to 
a suitable control sequence capable of effecting the 
expression of said mh in a suitable host, Such 
control sequences include a promoter to effect 
transcription',, an optional operator sequence to 
control such transcription f a sequence encoding 
suitable m&nh ribosoiae binding sites , and sequences 
which control termination of transcription and 
translation. The vector may be a plasmid, a phage 
particle , or simply a potential genomic insert, Once 
transformed into a suitable .host, the vector oay 
replicate and function independently of the host 
genome, or may, in some instances; integrate into the 
genome itself. In the present specification? 
"plasmid" and -'vector" are sometimes used 
interchangeably ae the plasmid is the most commonly 
used form of vector at present. However* the 
invention is intended to include such other forms of 
expression vectors which serve equivalent functions 
and which are, or become,, known in the art, 

The "host cells" used in the present, invention 
generally are proearyotic or euearyotic hosts which 
preferably have been, manipulated by the methods 
disclosed in EPO Publication No, 0130756 to render 
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incapable of secreting enayxaatically active 
endoprotease. A preferred bast cell for expressing 
subtiiisin is the Bacillus strain B<S2Q36 which is 
deficient in ensyoatically active neutral protease and 
alkaline protease (subtiliein) . The construction of 
5 strain BG203S is described in detail in EPO Pubiicatin 
No. G1307S6 and further described my ¥ang f H.V*, et 
il. (XS84) ^.BactexioU im, U**%» Other host ceils 
for expressing subtiiisin Include Bacillus snbtilis 
116S (BPO Publication Bo* 0130756} « 

10 

Host ceils are transformed or transfacted with vectors 
constricted using recombinant DSA techniques, such 
transformed hoot cells are capable e£ either 
replicating vectors encoding the carbcrtyl hydrolase 
15 mutants or expressing the desired carbonyl hydrolase 
mut&nt* In tee case of vectors which encode the pre 
or prepro fens of the carbofeyl hydrolase »utant, such 
mutants, when expressed, are typically secreted fro® 
the host cell into tee host cell medium* 

20 

«©parably linked 8 when describing the relationship . 
between tee WA. regions simply means that they are 
functionally related to each other. For example, a 
prmsequence is operably linked to a peptide if it 

2S functions as a signal sequence, participating in the 
secretion of the mature form of the protein most 
probably involving cleavage of the signal sequence, A 
promoter is operably linked to a coding sequence if it 
controls the transcription of the sequence? a ribosome 

30 binding site is operably linked to a coding sequence 
if it is positioned so as to permit translation. 

Tb» genes encoding the naturally-occurring precursor 
carhonyl hydrolase may be obtained in accord with the- 
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gene a3 meth described her 1 n ir £P0 Pc cati n 
He, 0130756, 

Once the carbonyl hydrolase gene has been cloned, a 
number of modifications are -undertaken to enhance the 
use of the gene beyond, synthesis of the rtatura.ii.y~ 
occurring precursor car bony 1 hydrolase. Such 
modifications include the production of recombinant 
carbonyl hydrolases as disclosed in EFO Publication 
So, 0X30756 and the production of carbonyl hydrolase 
mutants described herein, 

The carbonyl hydrolase mutants of the present 
invention may be gens rated by site specific 
mutagenesis (Smith, M< C198S) Ann, Rev. Genet. 423? 
2oell.er, K.J., et ah (19 i } c__Aci 
6487-6500) , cassette mutagenesis <EFO FubXication No. 
0130756) or random mutagenesis (Short le., D, , et si* 
(29:85) Genetics , U0> 530? Shcrtle, D., et aX, U986) 
yro:.eina; S tructure, Function and .gene tics, 1, SI? 
Shortly D. U$86) J. Cell. Bio-cheat, 30, 281? Mfeer, 
f.r et al, 11985) Froc. ¥atl. Acad, of„S£i._, 82, 747? 
Matsumura, M. f et* al, (1985? J. Biochem. , 260, 15298? 
Liao, H., et al. (13861 3>roc« Natl. Acad, of Scl. , || 
S76) of the cloned precursor carbonyl hydrolase. 
Cassette mutagenesis &n<3 the random mutagenesis method 
disclosed herein are preferred. 

The mutant carbonyl byd.roXa.ses expressed upon 
trans formation of. suitable hosts are screened for 
enzymes exhibiting one or more properties which are 
substantially different from the properties of the 
precursor carbonyX hydrolases, e.g., changes in 
substrate specificity, oxidative stability, thermal 
stability, alkaline stability, resistance to 
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proteolytic degradation, pH~ activity profiles and the 
like. 

A change in substrate specificity is defined as- a 
difference between the kcat/Km ratio of the precursor 
carbonyi hydrolase and that of the hydrolase mutant. 
The Jceat/Xa ratio is s measure of catalytic 
efficiency * Carbonyi hydrolase mutants with increased 
or diminished xcat/Km ratios are described in the 
examples, Generally, the objective will be to secure 
a mutant having a greater (numerically large) heat/Km 
ratio for a given substrate,,: thereby enabling the use 
of the ensyma to more efficiently act e» a target 
substrate, A substantial change in kcst/Rs ratio is 
preferably at least 2~foid increase or decrease. 
However, smaller increases ©r decreases in the ratio 
{«.g., at least 1.5-foXd) are also considered 
substantial, An increase in Kcat/Hto ratio for one 
substrate may be accompanied by a reduction in kcat/Kss 
rati© for another substrate* This is a shift in 
substrate specificity, and mutants exhibiting such 
shifts have utility fhere the precursor hydrolase is 
undesirable, e.g, to prevent undesired hydrolysis of a 
particular substrate in an admixture of substrates, 
Km and kcat are measured in accord with known 
procedures, as described in EPO Publication No, 
0130756 or as described herein. 

Oxidative stability is measured either by known 
procedures or by the methods described hereinafter, A 
substantial change in oxidative stability is evidenced 
by at least about 30% increase or decrease (preferably 
decrease) in the rate of loss of ensysse activity when 
exposed to various oxidising conditions. Such 
oxidizing conditions are exposure to the organic 
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oxidant diperdodec&noic acid under the 

conditions described in the examples. 

Alkaline stability is measured either fey known 
procedures or by the methods described feerein, A 
substantial change in alkaline stability is evidenced 
by at least about a. 5% or greater increase or decrease 
(preferably increase) in the half life, of the 
e.nsymatic activity of a mutant vhen compared to the 
precursor c&rbonyl hydrolase. In the case of 
subtil is ins, alkaline stability was measured as a 
function of autoproteoXytic degradation of subtilisin 
at alkaline pB t e.g. for example, 0,1M sodium 
phosphate, pH ia at SS 4 or 30*C* 

Thermal stability is measured either by known 
procedures or by the methods, described herein. A 
substantial change in thermal stability is evidenced 
by at least about a 5% or greater increase or decrease 
(preferably increase) in the hal£~Xife of the 
catalytic activity of a mutant vhen exposed to a 
relatively high temperature and neutral pK as compared 
to the precursor car bony! hydrolase. In the case of 
sufetilisins, thermal stability is measured fey the 
autoproteolytie degradation of subtilisin at elevated 
temperatures and neutral pB f e<g., for example %m 
calcium chloride, 5CHM MOPS pH 7,0 at 5§*e. 

The inventors have produced mutant subtil is ins 
containing the substitution of the amino acid residues 
of B. aBylplM^gaoieBs subtilisin shown in Table I. 
The wild type amino acid sequence and SKA sequence of 
JB. mOskim^sism subtilisin is shown in Fig. 1. 
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Thr22 

Ser24 

Asp32 

Ser33 

Asp 3 6 

Gly46 

AIMS 

Ser49 

MstSO 

Asn?7 

SerS? 

Lys94 

VaXSS 

teaS 6 

TyrlQ4 

XleX07 

GlyllO 

Matl24 

GluISS 
Glyl€6 

LfSlJO 
Tyrl71 
Pro! ?2 

AeplS7 
Metl§ 9 
Ser204 
Lys213 

Ser221 
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The different amino icisls substituted are represented 
in Table 1 by the faix«fw.ing single letter 
designations^ 

Amino acid 

or residue 3 -letter 1- letter 



Alanine 


Ala 


A 


sltrbaaata 


0lu 


E 


Glniasslne 


Gin 


Q 


Aspartate 


Asp 


s> 


Aspsragrine 


Asn 


H 


Leucine 


Leu 


li 


Sly cine 


Sly 


G 


Lysine 


Lys 


K 


Serine 


Ssr 


S 








Ar gin ine 


Arg 




Threonine 


Thr 


t: 


Proline 


Pro 




Isoieueine 
Kethionine 


lie 

mt 


X 
H 


Phenylalanine 


Phe 


F 


Tyrosine 


Tyr 


r 


Cysteine 


€ye 


C 


Tryptophan 


Trp 


w 


Histidine 


His 


H 



Except where otherwise indicated toy context, wild-typ® 
amino acids are represented fey the above three-letter 
symbols and replaced amino acids by the above 
single-letter symbols, *«ms, if the methionine at 
residue SO in B, &%yloli - s subtil iein is 
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replaced by phenylalanine , this mutation (mutant) may 
be designated Met 5 OF or F5Q. Similar designations 
are used for multiple mutants. 

in addition to the amino acids used to replace the 
residues disclosed in Table Z, other replacements of 
amino acids at these residues are expected to produce 
mutant subtilising having useful properties. These 
residues end replacement amino acids are shown in 
Table II. 
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TABLE II 







try r- 21 


L 


Thr22 


t. 


Ser24 


A 


Asp 3 2 


.... 


Ser33 


S 


Gly4S 




A1&48 




Ser49 




HetSO 


L K X V 


Asn?? 


D 


Sera? 


$r 


Lye 9 4 


R 9 




L I 


Tyrl04 




Ketl2'4 


K A 




CHTM 






SlwISS 


A T H n 


SlyXSS 




GXylSS 




TyrXTX ' 


K R E Q 


3>rol?2 




PheISS 




TyrSl? 




Ser22X 




Ket222 





Each of the mutant subtiliftis* in Table I contain the 
r@»X&e$»ent of a single residue of the ft. 

iSCB£ fa £l«I!l§ wins aoM jmp»«aeft. T&«s« 
particular residues v*r* chosen to probe the influence 
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of such substitutions on various properties of B» 

Thus, the inventors have identified M&UM a»d Met222 
as important residues vhich if substituted with 
another amino acid produce a mutant subtil isin with 
enhanced oxidative stability. For Met 124, feu and He 
are preferred replacement amino acids. Preferred 
amino acids for replacement of Met22 2 are disclosed in 
EPO Publication No. 0130756. 

Various other specific residues have also been 
identified as being important with regard to substrate 
specificity. These residues include Tyrl04 , A1&X52, 
SSlulSS, Slyl6S, 01yl«9, J»hel8S and Tyr2X? for which 
mutants containing the various replacement amines acids 
presented in Table I have already been made, as well 
as other residues presented below for which mutants 
have yet to fee mads. 

The identification of these residues, including those 
yet to be mutated, is based on the inventors' high 
resolution crystal structure of 8. a^yIoli^.ef&c.i,^ 
subtil isin to 1.8 A {see Table III) , their experience 
with in vitro mutagenesis of subtilisin and the 
literature on subtilisin. This work and the x-ray 
crystal structures of subtilisin containing covalently 
bound peptide inhibitors (Ecbertus, J.B*, e& al. 
(W?2) Biochemistry 11. 2439-2449} f product complexes 
(mobertus, «7,D. » Ht _al. (191 2) BiocMmistry 11, 
42§3~4303}, < end transition state analogs (Matthews, 

^ &i (1S75) ' 3* Biol , Chejb. ISfi* 7120-7126,; 

Joules, T.L., et si. (1976) & t _J&sL t _J3liffi*. 251 < 
1097-1103} , has helped in identifying an extended 
peptide binding cleft 1b subtil isin. This substrate 
binding ©left together with substrate is schematically 



diagrammed in Pig. 2-> according to the nomenclature 
©f Scheehter, I. , ft flSS?> Jti fflfift «» »fr» T 

Cowaim,, I?, IS? * The scissile bond in the substrate 
is identified fey an arrow* The P and F s designations 
refer to the amino acids which are positioned 
respectively toward the amino or eartooxy terminus 
relative to the scissle bond. The B and s 5 
designations refer to subsitas in the substrate 
binding cleft of subtiUsin which interact with the 
corresponding substrate amino acid residues, 
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The above structural studies together with the kinetic 
date presented herein and elsewhere (SbiliPP. H. . et 
al. as83) ^.^ll.^oshesu 51, s-32? svendsen, 

X.B. * (1,7,; ..K,,.,^C^ M f 237-291, 

Harfcland. s.F. M? Stauffe, p.c, et al, (196S) J, 
n ^, C - ir.Sicat- tha~ t u> snbsit c 

'I, the binding cleft of subtiiisin are capable of 
interacting with substrate amine acid residues from 
P~4 to S>~2 » * • 

Tha most extensively studied of the above residues are 
Glyl66, GlylSS and Alal52. These anino acids were 
identified as residues within the S~l subsite. As 
seen in Fig. 3, which is a etareoview of the $~i 
subsite, <31yl66 and GlyW occupy positions at the 
bottom of the S-I subsite, whereas A1&1S2 occupies a 
position near the top of S-l, close to the catalytic 
Ser221. 

Ml 19 a»i«o acid substitutions of GlyM and Glyiss 
20 have been made* As will be indicated in the examples 
which follow, the preferred replacement anino acids 
tor Glyl« and/or GW** ****** on the specific 

amino acid occupying the P~l position of a given 
substrate. 

The only substitutions of Alal52 presently nade and 
analvsed comprise the replacement of Alal52 with Gly 
and Sar. The results of these substitutions on *-l 
specificity will be presented in the examples, 

30 in addition to those residues specifically associated 
with specificity for the .JML substrate amino acid, 
Tyrl04 has been identified as being involved with F-4 
specificity, Substitutions at PhalS9 and Tyr217, 

35 
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boTC ar, *&*m to « SP e«i«ly .«~t «* 
l>~r specificity. 

5 m catalytic triad oi ^tUisi, U *W» » *; 
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„ 6 o« that «o hydrogen fconto are far«3 «-»> 
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Various other amino acid residues Mm h&m UtotMUA 
which affect alkaline stability. tti BQm& C „ BB „ 

mtantS haVi ^ alt ^ d alkalis stability also have 
altered thermal stability, . • 

In fi ^^i-Smfaciens stibtilisin residues As*3S 
nei07 ; t Y Bl7^ Ser204 and 3**213 have been idenMf<e* 
as residues which upon substitution with a different 
aaino acid alter the alkaline stability of the mutated 
•nzyae as compared to the precursor enzyme. *he 
substitution of Asp 3 6 with Ala and the substitution ** 
Ly0l7 ° with resulted in a mutant ar- ?r J 

having a lover alkaline stability as compared to the 
wila type subtilisin. when IXelQ7 ms substitu , sa 
Vitfc Val, £ S ra04 ..substitute w» Cys, Arg or r* u or 
Iff»2M substituted with Arg, the TOtw »t subtilisin had 
a greater alkaline stability as compared to the wild 
type eubtiiisin. B*w« f the »«tant Bmotp 
demonstrated a decrease in arx.ali.ne stability. 

In addition, other residues, identified as bai~o- 
assooiated with the modification of other prop.^i« 
of »utotili.i„ # also affect alkaline stability, ^hese 
residues include Sera 4, MetSO, Glyl« 6 , clvlfi « 

and *yr2l7. Specifically the following particular 
substitutions result in 



lability. MetSOF, Glyl5«Q or S , Glyl«6A. B 

X* K or Q, eiyisss or A, and 3yr217F, K , E or L The 
mutant HetSOV, on the other hand, results in" a 
decrease in the alkaline stability of the *ota*t 
suhtilisin as compared to wild type subtiiisin. 

Other residues involved in alkaline stability based o* 
the alkaline stability screen include tepi9? and 
Met 22 2. Particular mutants include Aspl&?(R or &} a^d 
Met 222 Call other amino acids) ■. 
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Various other r#s&Htjr -have been -.i^ntitim as being 
involved in thermal stability ae determined by the 
thermal stability screen herein. These residues 
include the above identified residues which effect 
alkaline stability ana HetlSi and Tyx21. These latter 
two residues are also believed to he important for 
•alkaline stability. Mutants at these residues include 
119B and F2l< 

The amino acid saguenc* of fi, »MksMasilffi 
suhstiXisin has also been modified by substituting two 
or mora amino acids of the wild-type sequence,. six 
categories of Multiply substituted tsutant subtil is in 
have been identified* The first two categories 
comprise thermally and oxidatively stable sautants. 
The next three ether categories comprise mutants which 
combine the useful properties ©f my of several single 
mutations of amylolidusf ac-iens suhtilisin. The 
last category comprises mutants which have modified 
alkaline and/or thermal stability. 

The first category comprises double mutants in which 
two cysteine residues have been substituted at various 
amino acid residue positions within the subtil isin 
molecule. Formation of disulfide bridges between the 
two substituted cysteine residues results in mutant 
subtilisins with altered thermal stability and 
catalytic activity. These mutants include A2X/C22/CS7 
and C24/CS7 which will be described in more detail in 
Example XX. 

The ascend aategory of multiple subtil is in mutants 
comprises mutants which are stable in the presence of 
various oxidizing agents such as hydrogen peroxide or 
peracidc* Examples 1 and 2 describe these mutants 
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Which include F50/X124/Q222 , F50/X124, F50/Q222, 
F50/LX24/Q222,, XX24/Q222 and LX2 4/0222. 

third, category of multiple subtilisin mutants 
comprises mutants with substitutions at position 222 
combined with various substitutions at positions X6S 
or 169 « These mutants, for example , combine the 
property of oxidative stability of the AS 2 2 mutation 
with the altered substrate specificity of the various 
XS6 or 169 substitutions, such multiple mutants 
induce A1S6/A222, A166/C222, T166/C222, KX6S/A222, 
KXS6/C222, V1S6/A222 and VX6S/C222. 3?he KX66/A222 
mutant subtil isin F . for example, has a kcat/Kis ratio 
which is approximately two times greater than that of 
the single &2Z2 mutant subtilisin when compared using 
a substrate with phenylalanine as the P~i amino acid. 
This category of multiple mutant is described in mora 
detail in Example X2« 

The fourth category of multiple mutants combines 
substitutions at position 156 C^lu to 0 or S) with the 
substitution of Lys at position 166, Either of these 
single mutations improve enzyme performance upsn 
substrates with glntamate as the P-X axaino acid, When 
these single mutations are combined, the resulting 
multiple enzyme mutants perform .better than either 
precursor. See Example Su 

The fifth category of multiple mutants contain the 
substitution of up to four amino acids of the £. 

«•* subtilisin sequence. These mutants 
have specific properties which are virtually identic!© 
to the properties of the subtil isin froo I. 
licheniforme> The subtilisin from I, Usfoemiform l s 
differs from B. mimiwU^i^' subtilisin at 8? out 
of 275 amino acids. The multiple mutant 
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F5D/S15 6/M S9/"L2 11 was found to have similar substrate 
specificity ana kinetics to lichenitornis tmasysta* 
(See Example i3.) However, this is pr&haMy due to 
only three of the sanations (5256, MSB and l&ll) 
which are present in the substrate binding region of 

55 the en syne* It is guite surprising that, fcy snaking 
only three changes out of the s? different amino acids 
between the sequence of the two ensysses.. the j|, 
§sylo2j : .c3.ifa^ifBs enryne vas converted into an enzyme 
vitb properties sisilar to %. liohsr-lf ormis enzyme, 

10 Other ensyme* in this series include 
FSO/01S€/»166/m7 and F58/S156/L217. 

The sixth category of multiple mutants includes the 
combination of substitutions at position 1Q7 (XI* to 
15 V) with the substitution of Lye at. position 313 with 
&rg, and the eoabination of substitutions of position 
204 (preferably Ser to C or L but also to all other 
amino acids) with the au&sfcitnion of Lye at position 
213 with SU Other multiple mutants which have altered 

20 alkaline stability include ei56/KiS«, $IS6/N166* 
S156/Kl$g f S156/H1€€ (previously identified as having 
altered substrate- specificity) t and FS0/6156/A169/L21? 
(previously identified as a mutant of £. 
amy I o iigui faclens subtil is in having properties similar 

2o" to subtil is in from B, ^chenlforais ) . The mutant 
F50/V107/K213 was constructed based on the observed 
increase in alkaline stability for the single mutants 
3P50, VI D? and. It was determined that the 

VX07/R213 mutant, had an increased alkaline stability 

30 a;5 compared to the wild type subtilisin. In this 
particular mutant, the increased tlkaXine stability 
was the result of the onsmlativs stability of each of 
the individual mutations, similarly, the mutant 
F50/V107/R213 had an even greater alkaline stability 

35 as compared to the vxo?/E213 mutant indicating that 



»52 - 
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the increase in the alkaline stability one to the F50 
mutation was also cumulative. 

Table XV summarises the multiple mutants which have 
been made including those not mentioned above, 

5 

In addition, based 1ft part on the above results, 
stjJbstitution at the following residues in sasbtlli'sin 
is expected to produce & multiple ssutant having 
increased thermal and alkaline stability s Ser34 f 
10 HetSS, XleX07, Glal5€j Gly3.se, Glyl69, ser204, ly»2X3, 



so 



25 



30 



C22/C87 
C24/C8? 
V4 5/V48 
C43/C34 
€49 /CSS 

cm/cm 

CSD/CXXO 

F50/XX24 

FS 0/0222 

X124/Q222 

QXSS/M6S 

Q156/K:l6S 

Q156/H16S 

S156/D166 

sise/Kass 

S156/S166 
S156/A269 
AX6S/A222 
A166/C223 
F1SS/A222 
FX66/C222 
K166/AS22 
X166/C222 

YX 66/0222 
AXSS/&222 
A1S9/A222 
Al .6VC2 22 
A21/C22 



Triple f Quadruple 

v;..,fy ;ffl^,MlMl 

F5Q/IX2 4/0222 
FS0/L224/Q222 
3>50/J424/AM2 
&2X/C22/C87 
FSO/SXS £/NX 6 S/L2 X? 

F50/mS^BlWL2X? 

FS0/SX36/A169/L2X? 

F50/S1S6/L217 

FS0/SXS6/KX66/L2X7 

FS D/S X S 6/XX 6 5/L2 X 7 

FS0/0XSS/KXSS/K217 

F$0/SXS6/KX66/K217 

PSO/V107/R213 

X 6 4/ 1 1 6 5/ S X 6 €/ & 1 $ $ /R X 7 0 ] . 
L304/&2X3 

mi3/2Mh t s, 9, p # ir, a, k, 

V, 3$, *; *, 1, K ( *, Y f W 
or h 
V107/R213 



Xn addition to th* above. i<*«itin«<5 a»in© acid 
residues, other ssaino acid x**i&a*s of subtilisin ars 
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also consider©* to be important with regard to 
substrata specificity. Mutation of each of these 
residues is expected to produce changes in the 
substrate specificity of sutetiUsin. ' Moreover, 
3gt5ltipl« stations among these residues and among the 
5 previously identified residues ax* expected to 

produce subtiiisin mutants haying novel substrata 
specificity. 

Particularly important residues are His67, Il«107, 
10 Leal26 and Leul3S. Mutation of BisS? should alter the 
S~l 5 suhsite, thereby altering the specificity of the 
mutant for the P-l* substrate residue;- 'Changes at 
this position could also affect the pH' activity 
profile of the mutant. This residue was identified 
15 based eu the inventor's substrate < modeling, from 
product inhibitor complexes, : 

XleiO? is involved ■ in *~4 bidding*. Mutation at this 
position thus should alter specificity' for the P-4 
20 substrate residue in addition to the observed effect 
on alkaline stability* IleXp? «s elso identified by 
molecular modeling .frost product inhibitor complexes* 

yhe s-2 binding site includes the X>eul£6 residua. 

25 Modification at this position should therefore effect 
P-2 specificity* Moreover, this residue is believed 
to be important to convert subtil isin to an amino 
peptidase* She pB activity profile should also be 
modified by appropriate substitution , These residues 

30 were identified from inspection of the refined model, 
the three dimensional structure from modeling studies. 
A longer side chain is expected to preclude binding of 
any side chain at the $-2 subs its, therefore,, binding 
would be restricted to suhsites S~3l, B-V r .^%, S~3 ! 
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and cleavage would be forced to occur after the amines 
terminal peptide, 

Leul3S 4s in the £-4 subs its and if nutated should 
alter substrate specificity for P-4 if arafatad. This 
residue was identified by inspection of the 
three-dissensiona! structure and modeling based on the 
product inhibitor complex of F.222. 

In addition to these sites, specific asii.no acid 
residues within the segments 97-103, and 
2 13-215 are also believed to be important to substrate 
•binding. 

Segments §7-103 and 126-122 torn an antiparalisi beta 
sheet with the ma Ik chain of substrate residues S>~4 
through V~2. Mutating residues in those regions 
should effect the substrate orientation through main 
chain (enzyne) ~ Bain chain ( substrate) interactions, 
since the w&in chain of these substrate residues do 
not interact with these particular residues within the 
S»4 through S~2 subsites. 

Within the segment 97-103, GXy$? and Asp 9 5 nay be 
nutated tc alter the position of residues 101-103 
within the segment. Changes at these sites must be 
compatible, however, , In S, ^v:^,-;^ 
subtilisin Asp39 stabilises a turn in the taain chain 
: t«rti«ry folding that effects the direction of 
residues xoi-3 03. g. iichsnlf.gmis subtilisin Asp37 f 
functions in an analogous manner. 

In addition to Gly97 end Asps 9, £erlQX interacts with 
Asp-s in B. fttevl ' * - subtilisin to stabilise 

the same sain, chain turn. Alterations at this residue 
should alter the 101-103 main chain direction, 
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Mutations at GlulOS a» also expected to aif&ct the 
101-103 min chain direction. 

The ©ids chairs of 01yi02 interacts with the substrate 
P~-3 amis?© acid. Side chains of substituted amino 
S acids thus are ejected to significantly affect 
specificity for the P~3 substrate amino acids. 

Ml the amino acids within the 127-129 segment are 
considered important to substrata specificity, (Sly 
10 127 is positioned such that its side chain interacts 
with the s-l and 8-3 eubsites. Altering this residue 
thus should alter • the specificity for P~l and p-3 
residues of the substrate. 

IS The side chain at 01yl2S comprises a part of both the 
S«2 and. 8-4 subsitss, Altered specificity for P~2 and 
J*** therefore would he expected upon mutation. 
Moreover, such mutation may convert subtilisin into an 
amino peptidase for the same reasons substitutions of 

20 Leul26 would he expected to produce that result. 

The J>r©12§ residue is likely to restrict the 
conformational freedom of the sequence 126-133 , 
residues which may play a major role in determining 
25 P-l specificity. Replacing Pro may introduce more 
flexibility thereby broadening the range of binding 
capabilities of such mutants. 

The side chain of Lys213 is located within the s-3 
30 sutosita. All of the amino acids within the 2X3-215 
segment are also considered to be important to 
substrate specificity. Accordingly, aitorod a?-3 
substrate specificity is expected upon mutation of 
this residue. 

35 
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The Tyr214 3?< 1"- does not interact with substrate 
but is positioned such that if could affect the 
conformation of the hair pin loop 204-517. 

Finally, natation of the GlyliS residue should affect 
the su&site, and thereby alter ?~2 ! specificity. 

In addition to the above; substitutions of amino acids, 
the insertion or deletion of one or more arino acids 
within the external loop comprising residues. i52~l"2 
»&y also affect specificity. This is because these 
residues may play a role in the "secondary contact 
region" described in the tsodel of streotosivsas 
subtil isin inhibitor completed with subtil j sin. 
Kirono, et el, (19S4) Jt Hoi. Biol. Ml, 339-413. 
Thermite.se K has a deletion in this region, *hich 
eliminates several of these Secondary contact * 
residues. In particular, deletion of residues us a 
through 184 is expected to produce a mutant subtilisdn 
having modified substrate, specificity. In addition , a 
rearrangement in this area induced by the deletion 
should -alter the position of &any rssidues involved in 
substrate binding, ' predominantly at P~x, This, in 
turn, should affect overall activity against 
protein a ceous substrata®. 

The effect of deletion of residues 161 through XS4 has 
been shown by comparing the activity of the wild type 
(WT) ensyme with a mutant ensyme containing this 
deletion as veil as multiple substitutions (i.e. , 
S1S3/S 1 5 S/A15S/G1 59/S 160/6161-164/116 3/S 1 IB9/ 
K170) * This produced the following results; 
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*£st i£Si.^ 

m SO 2.4xl0* 4 3.6x10"' 

Deletion distant 8 S.OxlO'" 6 1.6xl0 6 



The WT has 



a heat 6 times greater thai? the deletion 
ate binding is 28 fold tighter by the 
deletion mutant. The overall efficiency of the 
deletion mutant is thus 4.4 times higher than the WT 



All of these above identified residues which have yet 
to be substituted, deleted or inserted into are 
presented in Table VI; 



Substittttion/Xn*ertion/D«letion 



BisS? 
Leol26 
Leul35 
Gly9? 

SerlOl 
GIyI02 
GlulOS 
Leu 3 2 6 
GXyl2? 
Giy3.28 
Pro! 29 
Tyr214 
Gly215 
GlyISS 
Tvrl67 
Fro! £8 



Ala 152 
A1&153 
61yl54 
Asnl55 
Glyl56 
GiyX57 
Glvl6C 
Thrl5 8 
SerlSS 
Serl 61 
Ser.I62 
Serl63 
Thrl64 
V&II65 
Glyl6§ 
I,ysl70 
Tvrl/l 
Frol7 2 



35 



The following disclosure is ir.ter.ded to serve as a 
representation of embodiments herein r and should not 
be construed as limiting the scope of this 
application. *These specific examples disclose the 
construction of certain of the above identified 
mutants* The construction of the other mutants, 
however, is apparent from the disclosure herein and 
that presented in EPO Publication Ho* 023015-6 . 

All literature citations are expressly incorporated by 
reference, 

»ii i 

Identification of Feraeid Or i disable 
K 11 - -" s af F^tt^isi^ Q222 and L222 

As shown in Figures SA and SB, organic peracid 
oxidants inactivate the mutant sobtiiisins Met.222b and 
Met222Q CL222 and Q222) . This example describes the 
identification of .peracid oxidisahle sites in these 
mutant subtilising 

First, the type of amino acid involved in peracid 
oxidation was determined. Except under drastic 
conditions (feans, G*E» f et al. {19 J X) Chemical. 

cations of Proteins, Boldon-Pay , S.F,, C&, 
pp. 160-162? , organic peraeids modify only methionine 
and tryptophan in subtilisin. Difference spectra of 
the enzyme over the 250ms to 350nm range Were 
determined during an inaettvation titration employing 
the reagent, dipereodec&noic acid WPm) as oxidant. 
Despite quantitative reactivation of the ecsyme, no 
chance in ahsorbanee over this wavelength range was 
noted as shown in Figures 7& and ?B indicating that, 
tryptophan was not oxidised. Fontana, , et al. 



0251446 

Analysis CC« Birr ed, } Elsevier, Hew York, p. 309. 
The absence of tryptophan modi f ieation implied 
oxidation of one or store of the regaining methionines 
of B. ^olignefzcivnz »«btiXisin. See Figure I* 

S confix this result the recombinant subtiXisin 

Mat222F was cleaved with cyanogen bromide (CSBrl both 
before ana after oxidation by BFD& « Jhe peptides 
produced by CHBr cleavage were analyzed on high 
resolution SDS -pyridine peptide gels (6*8) . 

10 

Sobtilisin Mst222F IT222) was oxidised in the 
following manner . Purified P222 was resuspended in 
0J M sodium borate pH 9,5 at ID sag /ml and was added 
to a final concentration of £6 dipardodeeanoie acid 

15 ■jpDFDJU at 26 jag /ml was added to produce an effective 
active oxygen concentration of 30 ops. The sample was 
incubated for at least 30 minntos at room temperature 
and then quenched with 04 volume of 1 H Tris pB 8..£ : 
buffer to produce a final concentration of 0,1 M Tris . 

20 P H 8,6). %m phenylmethylsslfemyl fluoride (PMSFV was 
added and 2.S ml of the sample was applied to a 
Pharmacia PD10 column equilibrated in 10 m sodium 
phosphate pB 6.2, 1 »M P^SF. 3,5 ml of 10 ;»M sodium 
phosphate pH«.2, 1»M PMSF was applied and the oluant 

2$ collected. 

P222 and DPBA oxidized F222 were precipitated with B 
volumes of acetcne at ~20*C. The samples .were 
resnspendad at 10 mg/ml in 8*3 urea in 881 formic acid 

30 and allowed to sit for 5 minutes. An equal volume of 
200 mg/ml CNBr in S8% formic acid was added <S mg/ml 
protein) and the samples incubated for 2 hours at room 
temperature in the dark. Prior to gel 

electrophoresis, the samples were, lyephiiised and 

35 re suspended at 2~S mg/ml in sample buffer (1% 



pyridine* 5% mPodBQ & f $% glycerol arid .bromophenol 
blue! and disassociated at 3S 5 'C for 3 minutes. 

The samples were electrophoreses! on discontinuous 
polyaerylasude gels (Kyte, d , r et aL C 1 S S 3 } 

Mth Bioch, 133, 515-522) > The gels were stained 

using the Pharmacia silver staining technique 
{ Sa» as f D*>-\. , e i si, a&Si) 2 

The results of this experiment are shown in Figure 8. 
As can be ssen, F222 treated with CMBr only gives nine 
resolved bands on §PG. io«ever 4 when T222 is also 
treated with DP DA prior to cleavage, bands X r 7 and 9 
disappear whereas- bands S and 6 are greatly increased 
in intensity. 

In order to determine which of the methionines were 
effected f each of the CHBr peptides was isolated by 
reversed phase HPLC and further • characterised. The 
buffer system in both Solvent A (aqueous) and Solvent 
B (organic) for- all HPLC separations was 0 . 05% 
triethylamime/trifloroacefic acid (TEA-TFA) . In all 
cases unless noted, solvent A consisted of 0,-051 
in H„0, solvent £ was 0.05% TEA-TFA in 
1 -propane I* and the flow rate was 0.5 isl/minute, 

For HPLC analysis, two injections of 1 mg ensyjne 
digest were used. Tares samples were acetone 
preoipi rated, washed and dried. The dried 1 mg 
samples were re suspended at 10 mg/ml in 8H area, 88% 
formic acid? an equal volume ox 200 mg/mi CJQBr in 88% 
forme acid was added (5 mg/ml protein} . After 
incubation for 2 hours in the dark at room 
ta.mpsrat.ure, "he samples wars desalted on a 0,8 cm x 7 
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cm column of Tris Acrvl GFQ5 coarse resin {IBP ? Paris, 
France.) equilibrated with 40% solvent B, 60% solvent 
A. 200 •ul samples were applied at a flow rate of 1 ul 
a raizmte ana 1,0-1.2 :ml collected by monitoring the 
absorbance at 280nm. Prior to injection on the 8PLC, 

5 each desalted sample was diluted with 3 volumes of 
solvent A. The samples were injected at 1,0 tol/min (2 
minutes) and the flow than adjusted to 0.5 tal/min 
11001 A? * After 2 minutes, a linear gradient to 601 8 
at 1,01 B/min was initiated, From each 1 tag run, the 

10 pooled peaks were sampled CSOuXJ and analysed by gel 
electrophoresis as described above. 

Each polypeptide isolated by reversed phase HPLC was 
further analysed for homogeneity by SPS, The position 
IS Of each peptide on the known gene sequence (Wells, 
3*A 4f at m. mm Kucleic Acids Res, U ?$il~?9243 
was obtained through a combination of amino acid 
compositional analysis and, where needed, aisino 
terminal sequencing. 

20 

Prior to such analysis the following peptides were to 
rechromatographed. ' 

1, CNBr peptides from F222 not treated with DPDA; 

Peptide 5 was subjected to two additional reversed 
phase separations, The 10 cm C4 column was 
equilibrated to S0IA/ 20%B and the pooled sample 
applied and washed for 2 minutes* Next an S.5% ml 
30 B/min gradient was initiated. Fractions from this 
separation were again rerun* this time on the 25 cm C4 
column.. and employing 0,05% in 
acetoni tr lie / 1 -propane! (1;1> for solvent B« The 
gradient was identical to the one just described. 

35 
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Peptide *X* was subjected to one additional separation 
after the initial chromatography. The s ample was 
applied and washed for 2 minutes at 0.5ml/min Q001A) , 
and a 0.3% ml B /its in gradient was initiated, 

Peptides ? end $ were rechromstogrsphed in a similar 
manner to the first rerun of peptide 5* 

Peptide 8 was purified to homogeneity after the 
initial separation. 

2. CKEr Peptides from mm Oxidised F222: 



Peptides 5 and 6 from a C> 
F222 ware purified in the 
from the untreated eftsyssse . 



digest of the oxidired 
me manner as peptide 5 



Amino acid compositional analysis was obtained as 
follows. Samples £-~.1nX each amino acid J were dried, 
hydrolysed in vacuo with 100 ul SN HC1 at XfM»*C for 24 
hours and then dried in a Speed Vac. The samples were 
analyzed on a Beckmann €300 Ah analyzer employing 
ninhydrin detection. 

Amino terminal sequence data was obtained as 
previously described (Rodriguez K. * efe »1. (1SB4)' 
Anal, Biochem, 1-4, 538-547$. 

The results are shown in Table ¥21 and Figure 9, 
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Amino and GOO& tm*j&in±l of CHBr fragments 



FlJ* -P" f ; : !'-t 
X 

7 

8 



fcsx 



s.SinO- ; method 

1, sequence 
SI, seguence 
12S f 



.tlhod 



120 f composition 



50, composition 
119, composition 
199, composition 



275, 

IIS, composition 



Peptides Sox and 6ox refer to peptides 5 and 6 
isolated from CNBr digests of the oxidised protein 
where their respective levels ere enhanced. 

.Fro*, the data is fable V%1 end the oomparison of SPG 
traces for the oxidized and native protein digests in 
Figure 8, it is apparent that (1) ^etSO is oxidised 
leading to the loss of peptides X and s and the 
appearance of Si and (2) Met 124 is also oxidised 
leading to the loss of peptide ? and the accumulation 
of peptide 6, Thus oxidation of I sltSi 

subtil isin with the peracid, .dipsrdocecanoic acid 
leads to the specific oxidation of methionine at 
50 and 124 , 



Substitution at Hat 50 



at Hetso m& mtm 



.35 



The choice of amine acid for substitution at KetSO was 
n the available sequence data for subtilising 
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f rojB B. XXdhml t SSSd&- {Smith, -JUS, , et al, 11963} 
^..Biolx „Che^ Mlt 2184-2131} , &jg¥ (Nedkov, P„, et 

al. (1S83) ^2§...Savl 5 |r:.s.„g., jrliyglol, Chen; , 

1537-154 05 , 8. ^Xiosacch^ticus (Markl&nd, F.S., et 

&1. (196?) J,_Bj : ol. r ChsSLs. lil 5198-5211) ted 8, 

subtllis (Stahl, JjUX, , «t al, (19S4) Bact.erioL, 
158, 411-418} . in all cases, position so is a 
phenylalanine. See Figure s. Therefore, PheSO was 
chosen for construction. 

Kt position %24, all known subsilisins possess a 
Methionine, See Figure 5. Molecular modelling of the 
x-ray derived protein structure was therefore required 
to determine the aost probable candidates for 
substitution, Fros all 19 candidates, isoleucine and 
leucine were chosen as the best residues to employ, 
Xn order to test whether or not modification at one 
site but not both was sufficient to increase oxidative 
stability, all possible combinations ware built on the 
Q222 backbone (F50/Q222, 3124/Q222, F50/I124/Q222) , 



A. Construction of Mutations 
~* ! 45 and SO, _ 

Ml manipulations for cassette mutagenesis were 
carried out. on P S4.S using methods disclosed in Epo 
Publication Ho. 0130756 and Wells, j*A„ r §t al f (ISSS) 
££22£ M, 315-323. The p&SO in Fig. 10, line 4, 
nutations was produced using the jaut agenesis priser 
shown in Fig. io, line end employed an approach 
designated as restriction-purification which is 
described below. Briefly, a M13 template containing 
the subtil is in gene, :JBt3aapll~STXBT was used for 
hetaroduplex synthesis C^delman, et il (ISS3), mk 1, 
183-193). Following transaction of JM101 (ATCC 
33876), the 1.5 kb I«oHI^BemHI fragment containing the 
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subtil is in gene was subcloned frw Kl3»pli SUB? xt 
into a recipient vector fragment of pBS4 2 the 
construction of which is described in FPO Publication 
Ho, 0130756. To ©mricii £»r the autsnt sequence Cp&So, 
line 4), the resulting pless&id pool was digested with 
5 iRSl* »kS linear molecules were purified toy 
poiyacrylamide gel electrophoresis. Unsar molecules 
were li gated bach to a circular form, and transformed 
into £> col.i cells £ATC<2 31446}. Isolated 

plasnids were screened by restriction analysis for the 
10 -ypnX site, Rpn X* plassuds were sequenced end 
confirmed the piSO sequence. Asterisks in figure 11 
indicate the bases that ere mutated from the wid type 
sequence (line 4}< p&50 (line 4) was cut with 
and ecdkI and the 0,6 Kb frag»e»t containing the 5* 
IS hal f of the sutotllisin gene was purified (fragment 1), 
(line 4} was digested with JEssX and IcoRI and the 
4,0 Kb fragment containing the 3* half of the 
subtil. is in gene end vector sequences was purified 
(fragment 2), Fragments 1 and. 2 (line 5), and duplex 
£0 DNA cassettes coding for mutations desired (shaded 
sequence, line 6) were mixed in a ssolar ratio ©f 
1:1:10, respectively. For the particular construction 
pf this example the 23KA cassette contained the triplet 
for codon 50 which encodes Ptoe. This plasmid was 
25 designated pF50» *£he mutant subtil is in was designated 
F50» 



B. Construction of Mutation 
30 Ietwem^to^ll-.^M^E2 

The procedure of Example %h was followed in 
substantial detail except that the mutagenesis primer 
of Figure 11,- line 7 was meed and restriction- 
purification for the iegHv" site in pa 124 was used, in 
35 addition, the »HA cassette (shaded sequence , Figure 
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11, line 6} contained the triplet ATT for eodon 124 
which encodes lie «nd CTT for Leu, Those pi ass; ids 
which contained the substitution of lie for Hetl2«v«re 
designeated p2124. The mutant fsufetilisin was 
designated 2124. 

5 

C. Construction of Various 

1 it&nts 

The triple distant, F5C/II24/Q222 f was constructed. from 
10 a three-way ligation in which each fragment contained 
one of the three mutations. The single mutant Q222 
(PQ222) was prepared by cassette mutagenesis as 
described in EFO Publication Ko, 01307SS. The F3G 
station was contained on a 2,2kb Avals to Ihrull 
15 fragment from pFSO; the S12 4 mutation was contained on 
a $ed bp gmll to &yalX fragment froa pX124? and the 
Q222 mutation was contained on 2.7 kb Avail to Avail 
fragment from p$222. 33fc« tibvmi fragments were Xigated 
together and transformed into mil KK2&4 cells. 
20 Restriction analysis of plasmids from isolated 
transfonsants confirmed the construction, To analyse 
the final construction it was convenient that the 
Avail site at position IBS in the wild-type subtilisin 
gene was eliminated by the 1124 construction, 

2S 

The F50/Q2 22 and I124/Q222 mutants were constructed in 
a similar manner except that the appropriate fragment 
from ps.4.5 was used for the final construction. 

3d 

oxidative Stability of 0.222 M utants 
The above mutants were analysed for stability to 
peracid oxidation* As shewn in Fig, 12 f upon 
incubation with diperdedeeanoie acid (protein Smg/sst, 
35 oxidant ?5ppm[0}}, both the X124/Q222 and the 



0251448 



-68- 

F5D/I124/0222 are completely stable whereas the 
FS0/Q2S2 and the g222 are inactivated. This indicates 
that conversion of M*tl24 to 1124 in subtil isin 0222 
is sufficient to confer resistance to organic perseid 
oxidants. 



Subtil is in Mutants Having Altered 
3-2 substrate Spec i f i city -Hydrophobic 
^gst ituMon&...at,,,M&iaue,s , 16jL_. 

subtil is in contains an extended binding cleft which is 
hydrophobic in character. A conserved glycine at 
residue 166 was replaced with twelve non-ionic asino 
IS acids which can project their side-chains into the S-l 
subsite* These mutants were constructed to determine 
the effect of changes in sise and hydrophobicity on 
the binding of various substrates, 

20 

A. Kinetics for Hydrolysis of Substrates 
Having Altered V-l Amino Acids by 
Suhtiiicin from B,. Agy2Mlcrasf a ens, 

Wild-type subtilisin was purified from J3. subtil is 
25 culture supernatant* expressing the S, aatvlolicue - 
faciens subtilisin gene (Wells, J. A., st &l. (2383) 
Nucleic Acids Res, 22, 7911-7925} as previously 
described (Estell, D.A. , et al. (1985) J. Biol, Cher. 
260, 6518-6521}* Details of the synthesis ol 
30 tstrapeptide substrates having the .form 
succiny [X j -p-nitroanilide (where X 

is the PI amino acid) are described fey JDelBar, E.G.* 

et al. (197*5 Anal., SIssMe,,, 99 , 316-320, Kinetic 

parameters , Kn(K) and jkcatls" 1 } were measured using a 
3S ssodifisd progress curve analysis (Estell, D.A*, st si, 
(1385) Jj_Bi.pl. Chea. 260, S5X8-6S21). Briefly, plots 
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of rate versus product concentration were fit to the 
differential form of the rats eeyretion using & 
noft-liftear regression algorithnu Errors in kcat and 
Km for all values reported are less than five percent, 
The various substrates in Table VI II are ranged in 
order of decreasing hydrophobic ity , Nosafci, \\ 
iim)t J. Piol. Chen-,. 246, 2211-2217} Tanford C. 
{19/8} Science 200, 1012). 



?1 substrate 
Amino Acid 



kcat/Km 



Phe 


SO 


7< 


.100 


360,000 


Tyr 


2S 


40, 


.000 


1,100,000 


Leu 


24 


3, 


,100 


15 , 000 


Met 


13 


9, 


,400 


120,000 


His 


7.9 


1; 


,600 


13,000 


Ala 




5, 


,500 


11,000 


Gly 


0.003 


s, 


,300 


a 


Gin 


3*2 




,200 


JAW 


Ser 






,500 


4,200 


Giu 


0,54 




32 


16 



The ratio of kcat/Kas falso referred to as catalytic 
efficiently) is the apparent second order rate constant 
for the conversion of free enzyme plus substrate (B-fS) 
to ensyme pins products a->?} (Je.ncte, w , r , <^t.civ&is. 

C v _j - r_ vV ™ y yy/ (McGraw-Hill, i960) pp. 

321-436; Fersht, A „ , - - - c Mechari-v- 

t?x eman, Sax? Francisco, 19 ) yn> 220-287). The log 
(kcat/Km) is proportional to transition state binding 
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energy, agJ. h plot of the log koat/X-n vsrsts the 
hydrophobicity of the Pi side-chain (Figure 14) shows 
« strong correlation (r « 0.08), with the ■■■exception of 
the glycine substrate which shows evidence for 
non-productive binding. These data show that relative 

& differences between transition-state binding energies 
can be accounted for by differences in P-l side-chain 
hydrophobicity, Whan the transition-state binding 
energies are calculated for these substrates and 
plotted versus their respective side-chain 

10 hydrophobi cities, the line slope is 1,2 (not shown) . 
3k slope greater than unity, as is also the case for 

chyaotrypsin (Fersht, &. f jnzyme teucture and 

E&chajfcisia (Freejaan, San Francisco, 1577} pp. 226-287? 
Harper, et al, {1984} Bfroch e: srry, :v 

J ' 5 JJ995-3002) suggests that the Pi binding cleft is more 
hydrophobic than ethanol or diox&ne solvents that were 
used to empirically determine the hydrophobicity of 
amino acids (Noz&ki, Y», f£ j&. Jv.ffiqfr. <3jy»> (1971) 
246, 2211-2217? Tznfoxd, C. {191$} g&Mm*- 1012). 

For amide hydrolysis by subtilisin, kcat can be 
interpreted as the- acylation rate constant and Km as 
the dissociation constant, for the Michaelis complex 
Ks, eotfreund, H, , et al (1S56) Sioch.em.,.„.a,.. 63 .< 

25 The fact that the log fccat, as well as log l/Km, 

correlates with substrate hydrophobicity is consistent 
with proposals (Robertus, 3, V>., &t {191 Z) 

Biochemistry 11 , 2439-2449? Eobertus, J,D», et al, 
(1S72) Biochemistry XI* 4293-4303} that during the 

30 acylation step the P»l side-chain neves deeper into 
the hydrophobic cleft as the substrate advances from 
the Michael is complex (E-S) to the tetrahedral 
transition-state complex {S.s**). However, these data 
can also be interpreted as the hydrophobicity of the 

3S Pi side-chain affecting the orientation, and thus the 



susceptibility of the scissile peptide bond to 
nucleephilic attack by the hydroxy! group of the 
catalytic Ser22l, 

The dependence of Xeat/KB on p~i side chain 
hydrophobicity suggested that the .. kc&t/Ks for 
hydrophobic substrates Bay be increased by increasing 
the hydrophobicity of the S~l binding subsite. Jo 
test this hypothesis, hydrophobic &mino acid 
substitutions of GXy!66 were produced. 

Since hydrophobicity of aliphatic side-chains is 
directly proportional to side-chain surface area 
(Rose, 5. D. , (1S85) Science S2S f 834-838* 

Reynolds, J,*.,* st aJU (1S74) tec. Nati. Acad , sci. 

71, 282S~2£2?}, increasing the hydrophobicity in 
the s~l subsite my also sterlcally hinder binding of 
larger substrates, Because of difficulties in 
predicting the relative importance of these tvo 
opposing effects,, we elected to generate twelve 
non-charged mutations at position l«6 to determine the 
result lag specificities against non-charged substrates 
of varied sise and hydrophobicity. 



s* c t.1 ' sis of 
the PI 

The preparation of mutant subtilisitss containing the 
substitution of the hydrophobic aaaino acids Ala, Val 
and Phe into residue 166 has been described in EPO 
Publication No. 0130756, The saBa method was used to 
produce the remaining hydrophobic mutants at residue 
166. in applying this method t two unique and silent 
restriction sites were introduced in the subtil is in 
genes to closely flank the target eodon 166. As can 
be seen in Figure 13, the wild type sequence (line 1} 
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was alters by site -directed mutagenesis in M13 using 
tbe indicated 37»er -mutagenesis priser, to introduce a 
13 bp Selection (dashed! ine) and unique Sac! Md 
sites (underlined sequences) tJsat: closely flank codon 
166. The subtil lain gene fragment ^as ^ubelojied back 

5 into the g. egli ~ B, gxjbtilia shuttle plastsid, pBS42, 
giving the plasssid paXS« (Figure 13, line 2), pal.66 
was cut open with SacI and Xtoal . and gappsd linear 
isoleculas ware purified (Figure 13, line 3}, Pools of 
synthetic oligonucleotides containing the mutation of 

10 interest were annealed to give duplex 0K& cassettes 
that were ligated into gapped pa 166 (underlined and 
overiined sequences in figure 13, line 4}* This 
const ruction restored the coding sequence except over 
position imtWmi line 4), Mutant sequences were 

IS confirmed by dideoxy sequencing. Asterisks denote 
sequence changes from the wild type sequence. 
PlOTids containing each mutant B. mrWimOuAMtai 
subtil is in gene yere expressed at roughly equivalent 
levels in & protease deficient strain of &. subtil Is, 

ao BG2Q3S as previously described. £K> Publication Ko. 

mW7B€t Yang, si al. (1984) Jv &aeteriol. MS,- 

15-21; Sstell, S.A* , it «I £19S5| ff t . j»fo;K„Ch«». MS,- 
651S-6S21, 

25 

C. Harrowing Substrate Specificity 


. To probe the change in substrate specificity caused by 
steric alterations in the s-1 subsite, position 166 

30 mutants were kineticaily analysed: versus PI substrates 
©f increasing sisa (i.e.. Ma, Hat, Fhe and Tyr) . 
Ratios of kcat/Km are presented in log fore in 
Figure IS to allow direct comparisons of transition- 
state binding energies between various eireyae- 

35 substrate pairs, 
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According to transition state theory, the free ©nary 
difference between the free enzyme plus substrate 
CE 4 s) *nd the transition state complex can be 

calculated fro® equation (1) , 

D CI) « »JtT In kc&t/Km 4 ET In kT/h 

in which .kcat is the turnover masher, Kk is the 
Michael is constant, R is the gas constant, T is the 
temperature, k is Soltsnaann's constant; and h is 
10 Planck's constant, Specificity differences are 
expressed quantitatively as differences between 
transition state binding energies (i.e., a&gJ) , and 
can be calculated from eguation (2), 

IS {2} AA «£ - ~BT In (fccat/K»} A /{k«at/K^) B 

A and 8 represent either two different substrates 
assayed againt the same enryme, or two jntap&t enzymes 
assayed against the sa&e substrate* 

20 

As can he seen from Figure ISA, as the size ©f the 
slde-ehain at position 166 increases the substrate 
preference shifts fro® large to small p~l side-chains. 
Enlarging the side-chain at position 166 causes 
ss Kcat/Km to decrease in proportion to the siaa of the 
£-1 substrate side-chain (e.g., from GlyiSS 
(wild-type) through W166, the 3scat/Kn for the Tyr 
substrate is decreased most followed in order by the 
Pha, Mat and Ala M substrates) . 

30 

Specific st eric changes in the position 166 
side-chain, such as he presence of a -hydroxy! group, 
or -f-aliphatic branching, cause large decreases in 
keat/Kffi for larger PI substrates. Introducing a 
^ -hydroxy 1 group in going from &!££> (Figure ISA) to 
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S166 (Figure 15B) , causes an S fold and 4 fold 
reduction in kcat/Ka- for Phe and Tyr substrates,, 
respectively, while the values for Ala aad Ket 
su.bstrat.es are unchanged.. Producing a ^-branched 
structure, in going frojn S16S to Tim f results in a 

5 drop of 14 end 4 fold in keat/Kns for Phe and Tyr, 
respectively. These differences are slightly 
magnified for V16S which is slightly larger and 
isost«ric with T1SS. Enlarging the- /? -branched 
substitnents from ¥166 to 1166 causae a lowering of 

10 Jccat/Ksa between two and six fold toward H&t, Hie and 
Tyr substrates. Inserting a ^-branched structure, by 
replacing MISS (Figure ISA) with Lies {Figure 1SB) , 
produces a 5 fold and 18 fold decrease in kcat/Km for 
Phe and Tyr substrates, respectively, Aliphatic 

15 t "branched appears to induce less steric hindrance 
toward the Phe 9*1 suhstrate than $ -branching, as 
evidenced by the 100 fold decrease in 5»*t/JCa: for the 
Phe substrate in going from LX66 to 1166, 

20 Eeductipns in beat/Km resulting from increases in side 
chain &iz® in the S~l subsite, or specific structural 
features such as and ^-branching* are quant ita* 
tively illustrated in Figure IS. The kcat/Km values 
for the position 186 rutants determined for the Ma f 

25 Met, Phe, and Tyr P~x substrates (top panel through 
bottom panel, respectively), ere plotted versus the 
position 166 side-chain volumes (Chothia, €, (1904) 
Anp» Rev, Biojghem^. S3* 537-572} . Catalytic efficiency 
for the Ala substrate -reaches a «xla» for 1166, and 

30 for the. Met substrate it reaches a saxiaua between 
¥166 and bXSS* The Phe substrate shows a broad 
fcc&t/Ka peak but is optical with Here, the 

^ -branched position 168 substitutions form a line that 
is parallel to, but roughly 50 fold lover in kcat/Km 

3S than side-chains of similar size (i.e., Cim versus 
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TX66, bX66 versus 1166} « 3?ha Tyr substrate is most 
efficiently utilised by wild type ensysse (GiylS-S) f and 
there is .a steady decrease as one proceeds to large 
position 166 side-ehaina. #^r&ncfcea and 

•? -branched substitutions form a parallel line below 
5 the other non-chargsd substitutions of similar 
•siolecula r vol uas , 

The optimal substitution at position 166 decreases in 
volume with increasing volusse of the Fl substrata 

10 [*«•«» 1166/Ala substrate, L166/Ket substrate, 
MSS/Phe substrate., 61yl66/Tyr substrate]. The 
combined volumes for these optimal pairs way- 
approximate the volume for productive binding in the 
S»l subs its. -For the optimal pairs, Slyl66/Tyr 

15 substrate., A166/Phe substrate, LISS/Met substrate , 
V16S/Het substrate, and XXSe/Aia substrata., the 
combined ■ volumes are 266 ,2m, 313,539 and 261 A 3 ,, 
respectively* Subtracting the volume of the peptide 
backbone, from each pair (!♦«♦, two times the volume of 
2o glycine} t an average side-chain volume of 160±33A 3 " for 
productive binding can be calculated, 

The effect of volume, in excess to ..the productive 
binding volume, on the drop in transition-state 

25 binding energy can be estimated from the Tyr substrate 
curve (bottom penal. Figure 16), because these data, 
and modeling studies (Figure 2} , suggest that any 
substitution beyond glycine causes sterie repulsion. 
A best-fit line drawn to all the data (r. * 0,87) gives 

30 a slope indicating a loss of roughly 3 kcal/moi in 
transition state binding energy per XOOA 3 of excess 
volume. ClOOh 3 is approximately the sige of a leucyl 
side-chain,} 

35 
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?X Enhanced Catalytic Efficiency 

Correlates with Incr ? ■ - } iobicity 



gtJBtf Position 166,,,Sjgb§tkutj,SB 

Su&st&nt'i&l increases is fcc&t/X& occur with 
enlargement of the position 166 side-chain, except for 
the Tyr P-l substrate (Figure 2.6). For example., 
Kc&t/K& increases in progressing froia GlylS6 to 13.66 
for the. kl& substrate (net of ten-fold) ( from GXylS6 
to LIS 6 for the Met substrate (net of ten-fold) and 
from Glyl66 to A16S for the Fhe substrate (net of 
two-fold) » The increases in &cat/K» cannot be 
entirely explained by the attractive tanas in the van 
der Waals potential energy function because of their 
strong distance dependence (l/r & ) and because of the 
weak nature of these attractive forces (ffencke, W.P., 
catalysis in Chasdstrv . ana ggwol flgg (HcSr&w~Hi 1 i , 

19 SS| pp. 321-4361 Fersht, £1333388 i.t^.cture,..,,a,D,a 

HegMMmi (Freeman, San Francisco, 3.977) pp. 228<~2S7? 
Levitt, H. (l*7fi) 3^ mi. Biol, 204 f SS-107), yor 
example, Levitt (Levitt, K» (1S76) ff.,,„„Hol<„, BioI & , |04> 
SS-107) has calculated that the van der ffaals 
attraction between two methionyl residues would 
produce a ©aximal interaction energy of roughly -0.2 
kcal/mol. *rhis energy would translate to only 1.4 
fold increase in keat/Xsu 

The increases of catalytic efficiency caused by 
side-chain substitutions at position 166 are better 
accounted for by increases in the bydrophobicity of 
the S-l subs it e, The increase kcat/Xm observed for 
the hla and Met substrates with increasing position 
16S side-chain else would fee expected, because 
bydrophobicity is roughly proportional to side-chain 
surface area (Rose, G.D..., g (1985) ©£i§BS£ 

834-8381 Reynolds, J»I, f .ft &1. <1§?4) £r c c, ^tl.-.. 

Aoad^SM^USA XI, 2825-2927} * 
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Another example that can be interpreted as a 
hydrophobic effect is *ee« when comparing Xcat/Ksa for 
ieosteric substitutions that differ in hydrophobicity 
such as S166 and C1SS (Figure IS), Cysteine is 
considerably box'© hydrophobic than serine {-1,0 versus 
+0,3 kcal/moi) (BoKaki, y, ^ et (197 1) j , Biol, 

tel.,. 146, 2211-2217? Tanxord, c. *c„*-- ? ~ 

1012} . The difference in fcydrophohi city correlates 
with the observation that £166 becomes sore efficient 
relative to series as the hydrophobic ity of the 
substrates increases (i.e. , Ala < Met < Tye < pha) . 
Sferic hindrance cannot explain these differences 
because serine is considerably smaller than cysteine 
{99 versus USA 3 }, Paul, I.e., Chemistry of the -SH 
group <ed. s. >atai, Wiley Xnterscienee, Hew York, 

xm) pp. 111-14 s. 



Production of an 1 ~z >, 

$he 1166 mutation illustrates particularly well that 
large changes in specificity can be produced by 
altering the structure and hydrophobicity of the s-1 
subsite by a single natation (Figure 17} , Progressing 
through the small hydrophobic substrates, a a&ximal 
specificity improvement over wiM type occurs for the 
Val substrate (is fold in kcat/KSs) , As the substrate 
side chain sise increases, these enhancements shrink 
to near unity (i.e., Leu and Hie substrates). The 
1168 ensyme .becomes poorer against larger aromatic 
substrates of increasing -«!*• {e«g», 2166 is over 
1,000 fold worse against, the Tyr substrate than is 
(Sly 166), We interpret the increase in catalytic 
efficiency toward the small hydrophobic substrates for 
1166 compared to Sly 166 to the greater hydrophobic! ty 
of isoluecine (i.e., ^1*S kcal/mol versus 0) . Hex a hi,. 
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Tanford, c, (1978) Science, 2M> 10X2. The decrease in 
catalytic efficiency toward the vary large substrates 
for XX66 versus Glyl66 is attributed to sterie 
repulsion. 

The specificity differences between Glyl«6 and X16S 
are similar to the specificity differences between 
chyBotrypsin and the evolutionary relative t elastase 
(Harper, et al (19845 fijochemistry ai* 

2995-3002) . In eiastase, the bulky amino acids, Thr 
and V&l, block access to the P-l binding site for 
large hydrophobic substrates that are preferred by 
ehymotrypsin* In addition, the catalytic efficiencies 
toward ssaall hydrophobic substrates are greater for 
elastase than for chys&otrypsin as ve obeseve for XX66 
versus <SlyX6€ in subtilising 

Substitution of Ionic Amino 
Acids fosJ&yjL&S i_ 

The contraction, ©t subtilisin mutants containing th« 
substitution of the ionic aaino acids Asp, Asn, Gin, 
Lys and tog are disclosed in ESd Publication Ho» 
0X30756. The present example describes the 
construction of the jautant subtilisin containing Gla 
at position 166 (EX66) and presents substrate 
specificity data on these mutants. Further, data on 
position 166 and XSS single m& double mutants is 
presented infra, 

pa 166, described in Example 3> was digested with SacI 
and XjaaX. The double strand SHIt cassette (underlined 
and overtimed) of line 4 in Figure 13 contained the 
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triplet GAA for the codon 16S to encode the 
replacement of slu for Glylgg. This mutant pXssmid 
designated pQJSS vas propagated it* 8G2Q36 as 
described. This assistant subtilisin, together with the 
other mutants containing ionic sufostituent asdno acids 
at residue 166, were isolated as described and further 
analysed for variations in substrate specificity. 

Bach of these smt&nts was analysed with the 
tetrapeptide substrates, succinyl~JWaaL~AiaProL~X~ 
™p^nitroaniiide, where X was Phe, Ala and GlUx 

The results of this analysis are shown in Table IX* 



E£sition....l66. 



(kcat/Km x XD~ 4 ) 



Cly 


(wild type) 


36. 0 


1,4 


0 . 002 


Asp 


m 


0.5 


0.4 


<p,0Ql 




m 


M 


0.4 


<Q>001 


Asn 


m 


18.0 


1.2 


0,004 


Gin 


CO) 


57.0 


2.8 


0.002 


Lye 




S2.0 


2,8 


1.2 


Arg 


CD 


42.0 


5,0 


0,08 



These results indicate that charged asdno acid 
30 substitutions at Glyl66 have improved catalytic 
efficiencies (tat/Km) for oppositely charged P~X 
substrates (as much as S00 fold) and poorer catalytic 
efficiency for like charged P~l substrates. 
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i?l§ &t m..M$. 
The substitution of Sly 169 in |. &Mi»IiSMfS£itS.t 
sufet.il is in with Ala and Set is described in EPO 
Publication Ho, 0130756. The saae nethod was used to 
»a&* the regaining 17 mutants containing all other 
substituent andno acids for position 169, 

Th© construction protocol is saaattarized in Figure IS. 
The overscored and underscored double stranded PNA 
cassettes used contained the following triplet 
©needing the substitution of the indicated amino acid 
at residua 169, 



GCT 




TC~? 


C 


GAT 


0 




B 


CTC 


F 


sac 


G 


CAC 


H 


&TC 


2 


AAA 


' K 


CTT 


1* 



ATS H 

AAC K 

CCT P 

CM Q 

ftSC S 

ACA <S 

STT V 

TGG K 

TAC * 



Each of the plasadds containing a substituted SlylSS 
was designated pXISS, where X represents the 
substituent amino acid. The mutant subtil isins were 
simlalrly designated. 

Two of the above -mutant subtil isins, A1S§ and S16S, 
vere analysed for substrate specificity against 
synthetic substrate* containing Phe, Leu, Ala aud Arg 
in the P-i position. The following results are shown 
in Table X. 



Effect of Serine and Alanine Mutations 





P~l Substrate 




u£ 4 i 








Ma 


to 


Gly (wild type) 


40 


10 


i 


0,4 


A169 


120 


20 


I 


0,9 


81*9 


SO 


10 


1 


0,6 



These results indicate that suhsti tut ions of Ala and 
Ser at SiyXSS have remarkably similar catalytic 
efficiencies against a range of P~l substrates 
compared to their position 166 counterparts* This Is 
probably because position 169 is at the bottom of the 
F-l specificity subsite, 



SsfesEittfliffq at Position 104 

Tyri04 has been substituted with Ala, His, hsu, Ket 
and Sex. The method used was a modification of the 
site directed mutagenesis method. According to the 
protocol of Figure 19 f & primer (shaded in line 4} 
introduced a unique gj^lll site ana a frame shift 
mutation at co&on 104 « Restriotion-purif ication for 
the unigne Hindi II site facilitated the isolation of 
the mutant sequence (line 4}* Restriction-selection 
against this Hindi 1 1 site using pilars in line 8 was 
used to obtain position X04 mutants. 
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The following triplets were used in the primers of 
Figure 19, line S for the ;IS4 codo» wMcfe substituted 
the following amino acids, . 



5 



10 



GOT 


A 


TTC 


F 


ATG 


» 


CCT 


P 


CTT 


L 


ACA 


tr 


AGC 


S 


TGG 


w 


CAC 


H 


TAC 


Y 


CAA 


Q 


GTT 


V 


GAA 


E 


ASA 


H 


GGC 


G 


AAC 


»r 


A'TC 


i 


GAT 


D 


AAA 




T&T 


c 



The substrates in Table XI were used to analyze the 
substrate specificity of these mutants. The results 
obtained £o H104 sub tills in are shown in Table XX. 



TABLE XI 




From these data it is clear that the substitution of 
Bis for Tyr at position 104 produces an enzyme which 
is more efficient (higher keat/Km) when Phe is at the 
P~4 substrate position than when Ala is at the P~4 
35 substrate position* 
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Substitution ^ of ...AI a X52 

Ala 152 has been substituted by Giy and Ser to 
determine the effect of such substitutions on 
substrate specificity. 



The wild type BKA sequence was smtatad by the 
V152/P153 primer (Figure 20, line 4) using the above 

3-9 restrict ion~puri£ ication approach for the new Kpnl 
sits, Other smt&nt primers (shaded sequences Figure 
20 1 S1S2, line 5 and £152 f line 6} smt&ted the new 
Kpnl site away and such mutants were isolated using 
the restriction-selection procedure as described above 

15 for loss of. the Knnl site. 



The results of these substitutions for the above 
synthetic substrates containing the P~l amino acids 
Phe, Leu and Ma are ehown in *&bl© XXX > 



tosition„„lS2, ^(koa,/^^0 



Sly f«) 0.2 0.4 <0,04 

Ala (wild type) 40.0 10.0 1.0 

Ser C&) 1.0 0.S - 0,2 



These results indicate that, in contrast to positions 
166 and 165,, replacement of &IaX32 with Ser or Sly 
35 causes a dratsatie reduction in catalytic efficiencies 



~S4~ 
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across all substrates t«st#a, This suggests MaXS2 f 
at the top of the s-1 sub* it*, may be the optical 
amino acid because Ser and Sly are homologous Ala 
substitutes, 

5 

EXAMPLE S 

Butants containing the substitution of Ser and Gin for 
l » ©1U156 have been constructed according to the overall 
saethod depicted in Figure 21. This method was 
designed to facilitate the conetruciton of multiple 
mutants at position 156 and 166 as will be described 
hereinafter. However, by regenerating the wild type 
3-5 GlylSS, single mutations at GlulS« vera obtained. 

tth* pXaaaid p&l€S is already depicted in lim 2 of 
Figure 13, The synthetic oligonucleotides at the top 
right of Figure 21 represent the saa« mk cassettes 
20 depicted in line 4 of Fig-are 13. The plasmid pXSS in 
Figure 21 thus represents the mutant plasmids of 
Examples 3 and 4>" In this particular example, pi 66 
contains the wild type Sly 166. 

25 Construction of position 1S6 single mutants were 
prepared by ligation of the three fragments (1-3) 
indicated at the bottom of Figure 21* Fragment 3, 
containing the earboxy-tersdnal portion of the 
subtil isln gene including the- wild type position 166 

30 codon, was isolated as a SIS hp SacX-BamHX .fragment. 
Fragment 1 contained the vector seo^ences, as well as 
the amino-terminal sequences of the mabtilisin gene 
through codon 151, To produce fragment 1, a unique 
Sen* at codon 152 was introduced into the wild 

35 type subtil isin sequence from pS4.§» Site-direct ed 



~ss~ Q2S1448 
mutagenesis in H13 alloyed a primer having the 
sequence 5 * -tA-~STC-GTT~GCG~GTA~CCC-SG?~MC~GAA~3 ? to 
produce the mutation, Wichjsant for the mutant 
sequence was accomplished by restriction with icpnl, 
purification ana self ligation, fhe »ut*nfc sequence 
containing the Kpnx site was confirmed by direct 
plasmid sequencing to give pVl52. pVX52 (-1 , y g) was 
digested with lonl and treated vith 2 units of una 
polymerase I large fragment (Xlenow fragment freis 
Boeringar-Hannheim} plus SO M M deo>rynueieotide 
triphosphates at 3?*C for 30 min« This created a 
blunt end that terminated with codon 151. The DMA was 
extracted with Xtl volumes phenol and CHCXg and DHA in 
the aqueous phase was precipitated by addition of 0,1 
volumes SH ammonium acetate and two volumes ethanol. 
After centrifugation and washing the DH& pellet with 
70% ethanol, the DHA was lyophilissed. UNA was 
digested with BamHX and the 4.£kb piece (fragment 1) 
was purified by acrylamide gel electrophoresis 
followed by electrocution. Fragment a was a. duplex 
synthetic DKA cassette which when Xigated with 
fragments 1 and 3 properly restored the coding 
sequence except at codon XS6, The top strand was 
synthesized to contain a glutamine codon, and the 
complementary bottom strand coded tor serine at IS 6, 
Ligation of h©tcropho«pborylat«d cassettes leads to a 
large and favorable bias for the phosphoryi&ted over 
the non-phosphorylated oligonucleotide sequence in the 
final segrsted piaemid product. Therefore, to obtain 
0156 the top strand was phosphorylated t and annealed 
to the non-phosphoryiated bottom strand prior to 
ligation. Similarly, to obtain #» the bottom strand 
was phosphorylated and 
non-phospherylated top strand, 
isolated after ligation and transfo 
confirmed by restriction analysis and 
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as before. To express variant subtilisins* plasmids 
vera transformed into & subtil isin-neutral protease 
deletion mutant of g» gubtilis, BG2036, as previously 
described- Cultures vera fermented in shake flasks 
for 24 h at 37"C in LB media containing X2.S mg/ml- 
chloramphenicol and subtilisln was purified fro© 
5 culture supernatants as described. Purity of 
suhtilisln was greater than 95% as judged by SDS PAGE, 

These mutant plasmi&s designated pSISS and pQ15S and 
mutant subtiiisins designated S15S and $156 were 
10 analysed with the above synthetic substrates where P~X 
comprised the a»ino acids Glxt, Gin, Hst and Ly». The, 
results of this analyses are presented in Example 8» 



IS 

Multiple Mutants With Altered 

Su at speed i dty - Substitution 

jlUs^^ — 

20 single substitutions of position 166 are described in 
Examples 3 and 4. Example 8 describes single 
substitutions at position 156 as well as the protocol 
Of Hgure 21 whereby various double mutants comprising 
the substitution of various asaino acids at positions 

25 156 and 166 can be made. This example describes the 
construction and substrate specificity of subtil is in 
containing substitutions at position 156 and 166 and 
sumnaris.es seme' of turn data for single and double 
mutants at. positions 156 and 166 with various 

30 substrates . 

K166 is a common replacement amino acid in the 156/166 
mutants described herein, The replacement of Lys for 

35 



J 
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©ly !$$ was achieved fey using the synthetic Wh 
cassette at the top right of. Figure 21 which contained 
the triplet AAA for HNN. This produced fragment 2 
with Lys substituting for GiyX66, 

The 1S6 substituants ware Sin and Ser. Th& Gin and 
Ser substitutions at GlyXSS are contained within 
fragment 3 (bottom right Figure 21} 

The multiple mutants were produced by combining 
fragments 1, 2 and 3 as described in Example 8. The 
mutants Q156/K16S and SXSS/KX66 were selectively 
generated by differential phosphorylation as 
described* Alternatively, the double X5S/166 mutants, 
e.f. Q15S/K166 and siss/XlfiS, ware prepared by 
ligation of the 4.6Kb §ss2-BaraHX fragment fross the 
relevant pX56 plasmid containing the o.fiJcfe Ssci-I - 
fragment from the relevant pl6€ pXasmid. 

These mutants, the single aafeant K166 f and the S1SS 
and QX58 mutants of Example $ were analysed for 
substitute specificity .against synthetic polypeptides 
containing Phe or Glu as the P~X substrate residue, 
The results are" presented in Table XI IX. 
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hs can be seen in BSsle SW» either of these single 
mutations improve ensyoe performance upon substrates 
with glirtanate at the ?~I enryse binding site, mm 
these single mutations were combined, the resulting 
multiple ensyjse mutants are better than either parent. 
These single or multiple mutations also alter the 
s relative pB activity profiles of the enzymes as shown 
in Figure 23, 

To isolate the contribution of electrostatics to 
substrate specificity fro© other chemical binding 

10 forces, these various single and double mutants vere 
analysed for their ability to bind and cleave 
synthetic substrates containing OXw, Sin, Met and Lys 
as the P~l substrate amino acid. This permitted 
comparisons between sids-chains that were more 

15 sterically similar but differed in charge _ («. g. , Glti 
versus Gin, Lys versus Met). Similarly, mutant 
emaymes were assayed against homologous P~X substrates ' 
that vers most statically similar but differed in 
chargs (Table XIV) * 

ao 
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Foot notes to Table XIV J 025 1 4 4 6 

1- EJ«:.kU5s» SG 2036., expressing indicated 
variant snbtiri sin were fermented and enzyss.es purified 
as previously described (Estall, et &!♦ (i$85) OU 
s - "< ~ Wild ti isin Is 



indicated (wtj containing GiulaS and GXylS6 

Net charge in the P-l binding site is defined as 
the sun of charges iron positions 156 and 166 at oB' 

< '-' Values for .heaths ~) and Km(K) vara naasured is 
0.1M Trie pH S.6 at 2S*C as previously described"" 
against P~l aubatrates bavins the foras 
succinyl~L~AlaL~AlaL~PraL~ [X] ~p~nitroaniUde, where X 
is the indicated P-l amino acid, Values for lea i/'Ku 
are shewn inside parentheses. All errors in 
determination of Sceat/Ksa and 1/Km are below 51, 

( °* Because values for Slul56/Aspl6S (DISS) are too 
small to detaruiue accurately, the nauiaeu difference 
takan for Giu?~l substrate is limited to a charge 
range of +1 to -1 charge change, 

** not deterssined 



The teat/Km ratios shown fere the second order rate 
constants for the conversion of substrate to product, 
and represent the catalytic efficiency of the enzyme, 
Shese ratios are presented in logarithmic form to 
scale the data, and because log hcat/Ksa is 
proportional to" the lowering of transition-state 
activation energy (ao^) , Mutations at position 156 
and lag produce changes in catalytic efficiency toward 
&lu f Sin, Met and Lys P-i substrates of 3100,. 60, 200 
and SO fold, respectively. Making the P-l 
binding -site »ere positively charged fe*g. , compare 
GlnX56/lysl$6 {Q1SS/K166} versus GiulS6/Ketl66 
(Glul5S/Mi66) ] dramatically increased keat/Ks toward 
the GXu P~2 substrate (up to 31 DO fold}, and iecreas > 5 
the catalytic efficiency toward the Lys P~ 1 substrate 
Cup to 10 fold) ♦ In addition, the results show that 
the catalytic efficiency of wild type ensyme can be 
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greatly improved toward a»y: of the four P~l substrates 
by mutagenesis of the P~l binding site. 

The. changes in teat/Km art caused predominantly by 
changes in X/Kss. Because 1/Kn is approximately equal 
to X/Ks, the en ayoe-subetrate association constant , 
the mutations primarily cause a change in substrate 
binding, These rotations produce smaller effects on 
keat that, run parallel to the effects on l/Ksu The 
changes in keat suggest either an alteration in 
binding in the 2*~X binding site- in going frois the 
Bichaelie-cojsplex £♦£} to the transition-state complex 
(E-Sj*) as previously proposed (Robertas f J»D., & al* 
(1972) Biochemistry 11, 243 5-244 9? Robertus, et 
al» (1972) Sioaheaistrv 21, 4293-4303), or change in 
the position of the scissile peptide bond over the 
catalytic serine in the B*S complex* 

Changes in substrate preference that arise frets 
changes in the net charge in the p~l binding site show 
trends that are best accounted for by electrostatic 
effects (Figure 28} „ &s the P~l binding cleft becomes 
more positively charged, the average catalytic 
efficiency increases much isere for the sin P-l 
substrate than for its neutral and isosterio F-l 
homoiog, Gin (Figure 2S&) * Furthermore, at the 
positive extreme both substrates have nearly identical 
catalytic efficiencies. 

In contrast, as the F~X site becomes acre positively 
charged the catalytic efficiency toward the lys p-i 
substrate decreases, and diverges sharply froa its 
neutral and Isosteric hoisolog. Met (Figur* zm . The 
similar and parallel upward trend seen with increasing 
positive charge for the Met and Glu S-1 substrates 
probably results from the fact that all the substrates 
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are suceinylated on their arsino-terminal end, and thus 
carry a formal negative, cfcarge. 

The trends observed in leg &Oat/Xm are dominated by 
changes in the K& term (Figures 28C and 280} < As the 
pocket beoooes more positively charged, the log l/m 
values converge for Glu and Sin P~l substrates (Figure 
28C) , and diverge for x«ys and Met P~l substrates 
(Figure 28D) » Although less pronounced effects are 
seen in log Xcat, the effect© of s>~i charge on log 
kcat parallel those seen in log 1/Km and become larger 
as the P~l pocket becomes mors positively charged, 
This may result fross the fact that the transition- 
state ie a tetr&hedral anion, and a net positive 
charge in the enssyme may serve to provide some added 
stabilisation to the transition-state. 

The effect of the change in p-l binding- site charge on 
substrate preference can be estimated from the 
differences in slopes between the charged and neutral 
isosteric ?~i substrates (Figure aSB) . The average 
change in substrate preference (Alog teat/Km) between 
charged and neutral isosteric substrates increases 
roughly ao-fold as the complementary- charge or the 
erwtyae increases (Table XV) « When comparing Sin 
versus Lys f this difference is 1 00-fold and the change 
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Differential Effect on Bi.trd.ing Site 
Charge on log heat/Sim or (log I /Km) 
for P-I Substrates that Differ in Charge 



10 



Change in P~l Binding &ioq kcat/to Ulog 1/Xm) 

^^^J^^^B^'^l .. GlyG1 ?L. :: 0It,Lys 

*2 to -1 n.d* 1.-2 tl*2) 

-1 to 0 0.7 {0.6} 1.3 (0.8) 2.1 {1.4? 

0 to fl 1*5 CI- 31 0.5 (0.3) 2.0 (Kg) 



&vs. chars ge in 
leu kcet/K or 

(log 1/Rm) m per . 
unit charge change 1.1 (1.0) 1.0 (0. S? 2.i (1.5) 



(a» ^ e difference in the slopes of curves were taken 
between the P-l substrates over the charge interval 
for lo« ikca! - (Fie 28A, B; and (log l/Km; 
ire 2SC," D) . Values represent the differential 
si jr.ge has in distinguishing the 
substrates that are compared, 

20 Charge in P~l binding site is defined as the. ««Mt 

of charges from positions 156 and 166, 
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The free energy of electrostatic interactions in the 
structure ana energetics of salt-bridge formation 
depends on the distance between the charges and the 
Bicroscopic dielectric of tfce ssedie* to dissect these 
structural ana micrcenvironsertsl ef facte, the 
5 anergics involved in specifics salt-bridges were 
evaluated. In addition to the possible salt-bridges 
shown {Fig-ares 2SA and sss) , reasonable salt-bridges 
can be built between a Lys P~l substrate and Asp at 
position 166, and between a Glu F~X substrate and a 

XO I,ys at position 166 (not shown) * Although only one of 
these structures is confirmed by x-ray crystal ography 

CPoulos, f m (1«76) £* ml . Biol , ail 

10S7-1103), all models have favorable torsion angles 
{SielecM, afe ai, #,978) & Hoi, Biol. ,134 f 

15 781-804), and do not introduce unfavorable van ger 
Waals contacts. 

The change in charged P~l substrate preference brought 
, about by fsrsaation of the model salt-bridges above are 
20 shown in Table ro» 
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Molecular modeling *hmm it i& possible to form a 
salt bridge between the indicated charoed P~l 
substrate end a cosi - eharqs in the P~3 

cbJ-i?' 0t eniEytte at fche indicated position 

5 {h<} Enzymes compared havfe steriealiy similar amino 
acid substitutions that differ in charae at the 
indicated position. 

C ^ The P~l substrates compared are structurally 
similar but differ in charge.- The charged p-o 
substrate is complementary to the chare?© ohamos at the 
10 position indicated between enzymes 1 and 2. 
Cd) 

Date from Table XXV was used to compute the 
difference in log (kcat/Xa) between the chareed and 
the non-charged P-l substrate (i.e., the suWc?\st« 
preference) » The substrate preference is shewn 
separately for enryme 1 and 2. 

xs difference in substrate preference between 

> . k me 1 {acre highly charged) and enzyme 2 (more 
neutral) represents the rate ehanqe accompanying the 
electrostatic interaction, 



m& difference between catalytic efficiencies £i<e< , 
20 £leg kcat/te) for the charged and neutral S>~1 
substrates (e.g», Lys minus Met or Giu minus Gin) give 
the substrate preference for each enayme. The change 
in substrate preference (aalog jccat/Km) between the 
charged and store neutral ensyme home-logs {e.g., 
25 CSlul56/Glyl66 minus GlnlSS(Ql»6}/Glyl66) reflects the 
change in catalytic efficiency that may be attributed 
solely to electrostatic effects. 



These results show that the average change in 
30 substrate preference is considerably greater when 
electrostatic substitutions are produced at position 
166 (SO-fold in kcat/Km) versus position XB€ (12-fold 
in boat/Km) » From these aalog kcat/Ksa values, an 
average change in transit ion-state stabilixati.cn 
35 energy can be calculated of -1,5 and -2,4 kcal/msl for 
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substitutions at positions 156 and 166, respectively. 
This should represent the stabilisation energy 
contributed fro-;) a favorable electrostatic interaction 
£ox the binding of free enzyme and substrate to fox® 
the transition-state complex. 

5 EXAMPLE ...10 

L.J : ?.L1 ■ 

Tyr217 has been substituted by all other 19 amino 
10 acids. Cassette mutagenesis as described in KPO 
publication So, 0130756 was used according to the 
protocol of Figure 22, The BcoKV restriction site was 
used for restriction-purification of p*21?. 

15 Since this position is involved in substrate binding, 
mutations here effect kinetic parameters of the 
ensywe* An example is the substitution of Leu for Tyr 
at position 217, For the substrate shKVFpm, this 
mutant has a keat of 27? 5' and a Km of fi?*l0~* with 

20 a kcat/Km ratio of 6xI0 5 . This represents a 5.5-fold 
increase in heat with a 3-fold increase in Km over the 
wild type enzyme'. 

In addition,, replacement of Tyr21? by Lys, Arg, Phe or 
2S ben results in mutant eh&ymes which ere more stable at 
pEs of about 9-11 than the m ensyme. Conversely, 
replacement of Tyr 21 7 by Asp, G!u, Gly or Pro results 
in enzymes which are less stable at pKs of about 3-11 
than the WT ensynte. • 
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Multiple Mutants Having 
----- Ia^r^l..St.- s r ;: : ^ 

B« ^JM^^Xen subtilisin does not contain »„ y 
cysteine rssid/uss, Thus. *™ 4 ' 

-~ * e ,. s ' or :t 1 :::i:f r i- : ~i 

Wta ^ tte Gloving Bumiistn re ,. d , es " 
-Utiply substituted with cysteine: 

T»r22/Sers? 

Sar24/sers? 

P-s tshorylatea . oligonucleotiae 



5 ' -PC-TAC-ACT-GSa--r!*-AAT-GTT-i 

(Astsrisks show the location of 
n»a«ii Ma shows ths position of the 



:; I; 89 '™ priBer * MelMn - 85 a. 

•' KlW M1XS «" i>«b«i for'ths 

suwnt sequence (!on er , „.j e » , , 

30 &£lS.Jafc ifi, 6487-6500.- V *iJ««. sr. „ 



S, 3647-3656) , 

:;; t,W r-"*» W-^tta, proton 

J!B - 1S!S1 • «» S «« *» «*.««,. «„ PM parsd 7, 



